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The majority of current hydrate studies have 
concentrated on the thermodynamic aspects of hydrate 
formation. Kinetic or time-dependent studies on hydrates 
are very sparse. Most of the literaure available 
concentrates on the secondary nucléation, which does not 
address the crucial question: "Why and how do hydrates
form?"
The primary nucléation region is the key to the question. 
As a first step into this complex field of study, the 
objective of this work was to determine macroscopically and 
qualitatively the fundamental variables in the primary 
nucléation step and to set up a qualitative model describing 
primary nucléation.
The results showed that time, the degree of subcooling 
and superheating, the cooling rate, the history of water, 
the guest molecule size and pressure are some of the main 
variables involved in hydrate formation. A qualitative 
model, giving detail steps on the formation of clusters or 
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The goal of determining hydrate kinetics is to find 
better ways to prevent the plugging of flow channels (e.g. 
pipelines, well, choke and kill lines, etc.) by hydrate mas­
ses, and to determine better means for dissociation of hy­
drate masses once they are formed. Since both of these are 
time-dependent phenomena, they involve a different, non­
thermodynamic area of hydrate research, about which little 
is currently known.
Liquid and Crystal Structures 
Hydrate and Ice Structure
Natural gas hydrates are ice-like, non-stoichiometric, 
solid inclusion compounds that form under high pressures and 
low temperatures. Water (host) forms a crystalline structure 
that is stabilized through mainly non-polar gases (guests) 
that range from 3-7 Â in size. The water molecules are
hydrogen bonded, while the guest and host molecules only
interact through weak van der Waals forces, thus the
hydrates never undergo a chemical reaction. Natural gas
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hydrates form two possible crystal structures, called 
structure I and structure II. Figure 1 shows the unit cell 
for structure I, and Figure 2 the unit cell for structure
II. Both structures have small and large cages. Further 
hydrate lattice properties are listed in Table 1.
The pentagonal dodecahedron is the small cage for both 
structures and it is composed of twelve pentagons. The 
tetrakaidecahedron is the large cavity for structure I, 
consisting of twelve pentagons and two hexagons, while the 
hexakaidecahedron, which is the large cavity of structure 
II, has two additional hexagons. All three cages are 
depicted in Figure 3. The size and shape of the large 
cavities account for the main difference between the two 
structures. Additonal exposition of the structures of 
hydrates and water phases is given in the recent monograph 
by Sloan^.
The onset of hydrate formation cannot be predicted yet 
because hydrates are complex solids that go through a 
metastable region upon cooling. In an attempt to better 
understand the cause for metastability, it is useful to 
review what is known about the structure of water.
The most common form of all the ice phases is hexagonal 
ice, known as ice Ih. Each oxygen atom is connected to four 
hydrogen atoms with an almost tetrahedral symmetry. Two of 
these are actual chemical bonds and the remaining two are
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Figure 1. Unit Cell of Structure I Hydrate^
Figure 2. Unit Cell of Structure II Hydrate^
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Table 1. Hydrate Lattice Properties'
Structure I Structure II
Water molecules per unit cell 
Cavities per unit cell 
Small 
Large 





















Figure 3. Basic Cage Structures for Structure I and 
Structure II Hydrates^
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hydrogen bonded. The low temperature phase transformations 
of ice are very similar to those of hydrates. Their
mechanisms depend on the availability of mobile
orientational defects (Bjerrum L defect) within the new 
phase. These defects in the crystalline structure dictate 
whether structure I or structure II hydrates will form more 
readily. Structure I hydrates are known to be rich in 
mobile defects, thus forming faster than structure II 
hydrates'^.
Liquid Water Structure
The structure of liquid water is very complex due to 
hydrogen bonding. Since theoretical calculations are not 
yet sophisticated enough to describe a liquid as complex as 
water, hypothetical models have to be applied.
Linus Pauling^ did not believe that the aggregates 
found in liquid water resembled the ice structure. Instead, 
he suggested that the clusters are labile and temporary 
formations such as pentagonal dodecahedra or tetra- 
kaidecahedra. These complexes are stabilized through a non­
hydrogen bonding water molecule thus forming a structure I 
hydrate with a water molecule as a guest. A similar idea was 
suggested recently by Nagashima, et al.^ who showed that
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pentagonal dodecahedra are stabilized through ions.
7Henry S. Frank hypothesized a distinction between cold
and warm water. The former could be visualized as a
temporary fluctuating framework of partial cages that could
be stabilized by monomers. As the temperature is increased,
the geometry became more random. This last observation was
8later reinforced by John Dore . Hydrogen bonds become less 
stable with an increase in temperature. At a high enough 
temperature, water will behave as a 'normal' molecular
liquid, that is, without association.
9Stillinger performed a molecular dynamic simulation 
and found water to be a random network of water molecules as 
illustrated in Figure 4. At low temperatures an increase in 
polygons such as hexagons and pentagons, which are basic 
building blocks for hydrates, were obtained through the 
simulation. His results did not coincide with the 
preconceived notions of water being a recognizably disrupted 
version of any known ice or hydrate crystal structure.
Plummer and Chen^® studied the stability of pentamers 
in water, through molecular dynamics, concluding that the 
pentagon is the most stable structure at temperatures higher 
than 230 K. This was confirmed by Speedy et al. who found 
the same results for temperatures below 277 K.
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Figure 4. Random Network of Water Molecules^
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Water Clathrates
Water has a relatively low solubility for organic non­
polar gases. Figure 5 shows the maximum solubility of some 
of the main natural gas components in addition to some other 
hydrate forming molecules in water. The maximum occurs when 
the dissolved molecules restructure the water. For example,
a Monte Carlo simulation of Swaminathan et al^^ in Figure 6
showed how a methane molecule is encapsulated by water 
molecules in the shape of distorted, defective pentagonal 
dodecahedra.
P. Mark R o d g e r p e r f o r m e d  molecular dynamic
computer simulations to determine the cause for the 
stabilization of water clathrates. The empty water lattice 
is unstable and is rearranged in a matter of picoseconds. 
The guest molecule is needed to stabilize the structure 
through repulsive guest-host interactions, not through
attractive ones. He also suggests that the dissolution of a 
guest molecule causes the pure liquid water structure to 
rearrange to an open hydrogen bonded network that is 
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Figure 6. Clustering of Water around Apolar (Large) 
Dissolved Molecule^^
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Nucléation Theory as Applied to Hydrates
Gas hydrate formation is a crystallization process 
which is characterized by two distinct regions, namely pri­
mary and secondary nucléation. The primary nucléation re­
gion is the process wherein a sub-critically sized crystal 
may either grow or shrink before becoming a stable crystal. 
Secondary nucléation occurs once the nucleus has surpassed 
its critical size and actual crystals are being formed.
The primary nucléation period is the controlling step 
in most hydrate formation processes; it is characterized by 
experimental difficulties. The two main reasons for diffi­
culties are: (1) primary nucléation is a microscopic phenom­
ena which involves only small numbers of molecules so that 
it is difficult to observe, and (2) it is characterized by a 
high degree of metastability. The metastability of hydrate 
formation must be well understood to bound the induction pe­
riod, defined as the time elapsed between establishing su­
persaturation in the liquid phase and the formation of crit­
ical hydrate nuclei.
Since hydrate metastability is not well understood it 
is helpful to look at an analogous system that has been 
studied more in depth, such as salt solutions. Metastability 
in salt crystallization processes has been hypothesized to 
occur through "supersaturation" by Ostwald^^. Miers^^
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proved this theory experimentally and postulated that for 
each solute-solvent system a characteristic concentrâtion- 
temperature relationship exists which defines a "super­
solubility" curve.
Figure 7 shows this curve (CD) and the normal 
solubility curve (AB) . At point P no nuclei nor crystal 
growth will occur since the solution is superheated by the 
amount RP. Once the saturation line (AB) is crossed, which 
can be both achieved through subcooling of the system or 
through an increase in concentration, nuclei and crystals 
may or may not form in this metastable region (point Q ) . The 
time before solid formation, after passing from point R to 
Point Q, is normally called the induction time. After 
cooling into the labile region (to the left of line CD at 
point S) nucléation occurs spontaneously, thus causing the 
temperature to increase to point R.
Once the induction period is known or bounded, one can 
estimate the rate of continued hydrate formation if a pro­
cess is operated within the hydrate stability pressure- 
temperature.
Primary Nucléation Literature on Gas Hydrates
Published work on the kinetics of natural gas hydrate
t -3898 14
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Figure 7. Miers' Supersolubility Concept
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formation in the open literature is sparse. Recent reviews
of natural gas hydrates^®' ,  have suggested that kinetics
(time-dependent) studies contain the key for determining
methods to prevent and dissociate hydrates. An overview of
3hydrate kinetics in the literature is given by Sloan .
Barrer and Edge^^ formed simple hydrates of xenon,
argon, and krypton from ice. Only krypton exhibited an 
induction period though.
Falabella^^, using a similar experimental set-up as
Barrer and Edge, showed that krypton and methane, both as 
single gases or as binary mixtures, have an induction time 
when forming hydrates from ice. A hypothesis for the
occurence of these phenomena is given by Sloan^^.
While looking in detail at the secondary nucléation of 
water, Vysniauskas and Bishnoi^^ performed some preliminary 
studies showing that the history of water affects the 
induction time. Nothing further was concluded.
Englezos and Bishnoi^^ looked at the stability limits 
of methane in liquid water. The experimentally obtained 
solubilities for methane were higher than the values 
calculated through the Trebble-Bishnoi equation of state.
This was attributed to the encapsulation of . methane 
molecules by water which caused the depletion of methane in 
the bulk liquid phase.
Recently, Lingelem and Majeed^^ reported the first
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correlation of the primary nucléation region for natural 
gas. This correlation was experimentally studied in detail 
at the beginning of this work, as discussed in Appendix A. 
As the appendix indicates, we were not able to reproduce the 
correlation (even qualitatively) after an intensive 
experimental effort of 72, 24-hour days.
Secondary Nucléation Literature on Gas Hydrates
There is a severe paucity of information in the litera­
ture concerning the time required to initiate hydrate forma­
tion. Virtually all of the work on hydrate kinetics has con­
centrated on the secondary nucléation region. The body of 
research on hydrate kinetics has come from the following 
three laboratories:
1. The laboratory of Bishnoi at the University of Calgary^ 
has generated the most data for hydrate formation in the
secondary nucléation region. Bishnoi and co-workers have 
taken a macroscopic view, with measurements of rate con­
stants for mass transfer which may be translatable to other 
geometries. Recently they have done work to describe the 
transition region between mass transfer-controlled and heat 
transfer-controlled kinetics^^.
2. The work of Kamath, now at the University of Alaska^^'^^
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generated a macroscopic heat transfer model for hydrate dis­
sociation/formation. This work was initiated and supple­
mented by work in Professor Holder's laboratory at the Uni­
versity of Pittsburgh^7,3 8 the study of hydrate forma-
Qtion from melting ice has recently been done .
3. The work at the Colorado School of Mines^^”*̂  ̂ has de­
scribed a moving boundary, heat transfer-controlled model 
for hydrates and for hydrates in porous media. Recent work 
in this laboratory has concentrated on the kinetic effects 
of third surfaces'^^, such as clays and polymers commonly 
found in drilling fluids.
As can be seen above there is a lack of knowledge of 
primary nucléation studies on gas hydrates. Yet, it is nec­
essary to find a better description of the initiation period 
of hydrate kinetics in order to find better methods to hin­
der the formation of hydrates, resulting in blockage of flow 
channels, and to determine means of more efficient removal 
of hydrates from such blocks. Thus, as a first step into 
this complex field of study, the objective of this work was 
to determine macroscopically and qualitatively the fundamen­
tal variables in the primary nucléation step and the set up 
of a qualitative model describing primary nucléation. The 
variables studied were time, superheating above the 
dissociation point, cooling rate, pressure, the degree of 
subcooling, the guest molecule diameter, and liquefied
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hydrocarbons (ethane and propane) . The same sets of 
experiments were applied to four different gases and the 
results compared. This research is essential for moving to 
the next step, namely the quantification of these variables 





Since there is so little known about the primary nuclé­
ation region (the object of this study), double-deionized 
water was used to reduce the variables in the system.
Gases
Natural Gas
A simulated natural gas mixture was prepared and certi­
fied by Matheson Gas Company. The composition of this gas is 
the same as that given in Table 2. The composition was con­
sidered typical for the Green Canyon Section of the Gulf of 
Mexico and was checked chromatographically in this 
laboratory. The natural gas mixture has a specific gravity 
of 0.65.
Methane
The methane used was supplied by General Air Service 
Supply with a minimum purity of 99.99%.
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Research grade ethane was supplied by Matheson Gas Com­
pany. The ethane was analyzed as follows: 99.99% C 2 H ^ , 78
ppm CO 2 / 6.9 ppm N 2 .
Propane
Research grade propane was supplied by Phillips Petro­
leum Company. The liquefied propane had a minimum purity of 
99.94 %. The only impurity detected by GLC analysis was a 
trace amount of ethane.
T-3898 22
Experimental Apparatus
The apparatus used for this work was the same as that 
described in detail by Kotkoskie'^^. A schematic diagram of 
the high pressure apparatus is given in Figure 8. A brief 
summary of the hydrate testing system including some small 
modifications will be given below.
The heart of the system consists of a non-visual 3 00 cc 
Autoclave cell (1) that is stirred mechanically by an air- 
driven motor (16). The cell itself is located in a glycol- 
water bath (2) whose thermal mass prevents large temperature 
fluctuations in the cell throughout the course of an 
experiment. The bath is constantly mixed by two impellers to 
ensure a uniform temperature distribution. A gas booster 
(12) was used to pressurize the system and the vacuum pump 
(11) to evacuate the system beforehand. The system was 
vented through a line (14) once the experiment or sets of 
experiments were completed.
The temperature of the bath is measured through a 
Thermistor Probe (3) (accuracy to ± 0.1°F) while the cell
temperature measurements come from an Omega Resistance 
Thermometer Resistance Probe -(9) (accuracy to ± 0.3°F).
The pressure for natural gas and methane experiments 
was measured by a Heise Model CM Gauge (10) with a range of 
0-5000 psi (accuracy to ± 5.0 psia) and a Heise Model 620
t-3898 23
n
1. Autoclave Cell 7. Heaters 13
2. Glycol-Water Bath 8. Cooling Coil 14
3. Thermistor 9. RTD Probe 15
4. Pressure Transducer 10. Pressure Gauge 16
5. Keithley 11. Vacuum Pump 17






Figure 8. Schematic of Hydrate Testing System
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Pressure Transducer (4) with a range of 0-5000 psi (accuracy 
of ± 7.5 psia). However, for experiments involving ethane 
and propane a Heise Model CMM gauge with a range of 0-500 
psi (accuracy to 0.5 psia) provided a visual indication, and 
a 0-3000 psi Omega Model PX621 (accurate to ±4.5 psia) pres­
sure transducer emitted an analog signal, which was convert­
ed to a digital signal before it was input to the computer.
An IBM XT personal computer (6) linked to a Keithley 
Series 500 Measurement and Control System (5) through 
Soft500 software was used for the temperature control and 
the data acquisition. The programs used by the data 
acquisition and control system are listed in Appendix B.
The controller (17) regulates the power sent to the 
heaters (7) that are offset by a cooling coil (8) after it 
obtains a signal from the Keithley. Thus the system only 
controls the amount of heating not the amount of cooling.
For some of the liquefied hydrocarbon experiments a 
visual cell was used. The reader is referred to Cha"^^ for 
details concerning the apparatus.
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Experimental Procedure
Before each experiment on the high pressure apparatus, 
the cell and shaft were cleaned with approximately 15 ml of 
acetone. About 200 ml of 20% (volume) nitric acid solution 
were used to passivate the cell walls through exposure for 
15 minutes and exposure to the shaft for 1 minute. Both the 
cell wall and the shaft were then rinsed three times with 
distilled water to complete the cell preparation.
A sample of 12 0 ml of double deionized water was heated 
above 40"^C for at least one hour to destroy any structure in 
the water, and to degas the water. The system was sealed 
with a watch glass during heating to minimize any contact 
of air particles with the water.
Similar experimental procedures were applied for each 
gas studied. Before inserting the water into the cell, the 
bath temperature was lowered to the desired degree of sub­
cooling. For natural gas, methane, ethane, and propane, the 
amounts of subcooling were 8°C, 4°C, 8°C, and 4*̂ C respec­
tively.
When the desired degree of subcooling was obtained in 
the bath and the empty cell, the water sample was added to 
the cell. The cell was then sealed as rapidly as possible 
(10-15 minutes) and the cell's impeller was started and set 
to 1000 rpm. Then the cell was evacuated for approximately
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5 minutes before pressurizing in the shortest time possible. 
For natural gas, methane, and ethane, a gas booster compres­
sor was required to achieve pressures of 2 000, 2 000, and 3 00 
psia, respectively. The pressure of the propane experiments 
was limited to 7 0 psia in order to avoid the formation of a 
liquid propane phase at the experimental temperatures.
As soon as the cell and bath temperature equilibrated 
the automated data acquisition program was started, thus 
fixing time zero. The program recorded the time elapsed, 
the bath temperature, and the pressure in the cell. It also 
kept the bath and thus the cell temperature, constant for 2 4 
hours. If hydrates did not form in this period, the time 
was extended by another 2 4 hours. Normally all hydrate for­
mation ceased within this time period.
Then the system was reheated, usually at a set heating 
rate of 0.8°C/hr, to the degree of superheating above the 
dissociation point. The number of degrees beyond which the 
the system was heated above the hydrate dissociation point 
was determined by multiple runs, in a trial and error proce­
dure, to find the temperature at which residual structure 
disappeared. The automated data acquisition program was 
stopped once the highest temperature was reached. The bath 
temperature was then held constant for approximately one- 
half hour.
From this point, one of three different approaches were
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taken, as listed below:
1. The system was cooled rapidly with a cooling rate of 
at least 4°C/hr (usually much higher), until either hy­
drates began forming (as noted by a rapid drop in pres­
sure) or until the desired degree of subcooling was ob­
tained.
2. The system was cooled slowly with a cooling rate 
less than 4 °C/hr (usually between 3 and 0.9° C/hr) , 
until either hydrates began forming (as noted by a rap­
id drop in pressure) or until the desired degree of 
subcooling was obtained.
3. The system was depressurized and the bath tempera­
ture was lowered to the desired degree of subcooling. 
After the degree of subcooling was obtained, the system 
was repressurized and the time required for hydrate 
formation was monitored via the computer.
In each of the above approaches, the bath temperature 
was held constant for 24 hours at the degree of subcooling 
(or the hydrate formation point). The experimental proce­
dure was then returned to the start of a run, for another 
pressure-temperature cycle with the same fluids in the cell. 
Multiple cycles of hydrate formation and dissociation were 
performed for the same fluids in the above manner.
Normally the temperature of the fluid was maintained 
above the ice point. For propane however, hydrate forma-
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tion could not initially be induced without lowering the
temperature of the water below the ice point so that the
hydrogen bonding of the ice structure could act as a templ­
ate for hydrate formation. Once the propane hydrates began 
forming the temperature was maintained above the ice point 
in subsequent runs.
For the liquefied hydrocarbon experiments of both 
ethane and propane, 75 ml of double deionized water, that 
had been heated previously above 40°C for at least 1 hr, 
were added to the visual low pressure cell. The cell had
been previously rinsed 2 times with the same water. The bath 
temperature was already set at the appropriate degree of 
subcooling when the cell was loaded. Once the cell was
closed it was evacuated for 5 minutes and then pressurized 
until a liquid hydrocarbon layer became visible on top of 
the water layer. Then the cell was rocked for 2 minutes and 
stopped.
ARTHUm LAKES LIBRARY 




While all of the data sets of pressure versus time are 
given in Appendix C, they provide a very limited amount of 
information. The pressure versus time curves all resemble 
that in Figure 9, which summarizes a typical experimental 
hydrate kinetics run. The kinetic portion of the run, while 
the pressure is decreasing, is carried out at constant 
temperature. Starting at time zero, a very small pressure 
drop is observed due to dissolution of the gas in the water. 
The primary nucléation period (also referred to as the 
metastability or induction period) starts at time zero and 
ends as soon as the pressure starts dropping (at 10,000 
seconds) and crystal growth (also referred to as secondary 
nucléation) begins. Because the system has constant volume, 
as the pressure drops in the secondary nucléation region the 
driving force for hydrate formation decreases. After 2 4hrs 
(140,000 seconds) the system is reheated, thus causing an 
increase in pressure as hydrates dissociate and encapsulated 
gas is released to the vapor phase. The kink in the heating 
curve represents the final dissociation point. Since primary 
nucléation occurs prior to a substantial pressure drop, ex­
perimental results are best considered in tables of time re­
quired for that pressure drop to occur.





_______ GAS & WATER
ATajB=8^C. FRESH WATER















Figure 9. Pressure—Time Trace Showing Primary Nucléation, 
Secondary Nucléation, and Dissociation
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Table 3. Experimental Data for Natural Gas 
Experimental Conditions :
^"^SUB = 8°C ± 0.5
'^SUB = 15.80 ^DISS “ 23.80°C






1 — — --- Ihr 4 5min Yes Fresh H 2 O
2 1 3 . 4 2min Yes
3 2 2 . 8 None Yes At ATg^g — 7^C 
hydrates formed
4 4 2 . 8 None Yes
5 7 1.9 8hrs 3 5min Yes
6 1 2 . 6 None Yes
7 1 2.8 None Yes Depressurized
8 1.5 3.2 None Yes Depressurized
9 --- --- 29hrs 15min Yes Fresh H 2 O
10 1 1. 9 7hrs lOmin Yes
11 2 1.5 None Yes At ATgyg = 7°C 
hydrates formed
12 4 1.6 3 9hrs No
13 5 2 . 0 3hrs 18min Yes
14 3.5 1.9 27min Yes
15 7 2 . 6 14hrs 17min Yes








17 7 3 . 0 8hrs 14min Yes
18 7 32.8 50min Yes Fast cooled
19 —— — — — 2 4hrs No Fresh H 2 O
20 7 2 . 6 24hrs No
21 7 27 . 5 24hrs No Fast cooled
22 7 2 . 5 7hrs Yes Formed hydrates 
previously
23 7 41.5 13hrs Yes Fast cooled
T-3898 33
Table 4. Experimental Data for Methane
Experimental Conditions: 
AT.SUB = 4°C ± 0.5
TsuB = ll.V2^C 
^SUB “ 2000 psig
"^DISS “ 15.72 C






2 4 — —— — — Ihr 2 6min Yes
25 2 7 . 1 51min Yes
26 2 1.9 2 4hrs No
27 4 1.3 2 4hrs No
28 2 17. 0 8hrs lOmin Yes
29 3 12 . 9 17min Yes
30 2 12.2 None Yes
31 2 1.5 None Yes
32 2 0.9 None Yes
33 2 1.2' None Yes
34 --- --- 8min Yes
35 --- --- None Yes
36 --- --- 4hrs 43min Yes
37 24hrs No
COMMENTS





At AT 2°CSUBhydrates formed
At ATgyg = 2°C 
hydrates formed
Depressurized
ATsub = 8°C 
Fresh H 2 O
^"^SUB ^Fresh H 2 O
EXP = 790 psig





























































Table 5. Experimental Data for Ethane
Experimental Conditions: 
AT.SUB = 8°C ± 0.5
*^SUB ~ 3.87 C
SUB = 300 psig
'^DISS “ 11*87 C 
^DISS ~ psig






















































Fresh H 2 O 
ATsub = 4°c
Previous contd
Fresh H 2 O
At ATg g = 6°C 
hydrates formed
At ATgyg = 6°C 
hydrates formed
At ATgyg = 5°C 
hydrates formed
At A T ~  5^C 
hydrates formed
At ATguB = 7°C 
hydrates formed












60 14 -------- None Yes Fast-cooled
61 —  —  — — ----- llmin Yes Fresh H 2 O
62 24 3 . 0 51hrs 9min Yes
63 8 2.5 16min Yes
64 10 2.6 24hrs No
65 10 23 . 6 None Yes
66 8 3 . 5 None Yes Depressurized
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^"^SUB - 4 C ± 0.5 
"^SUB ~ 0 . 45°C
SUB = 57 psig

























"^DISS “ 4.45 C 











































80 ---------- — ---------------- 2 4hrs No Previous contd
81 —  — — ---------------- 48hrs No Increased CgHg
82 ---------------- 48hrs No Fresh H 2 O
83 2 2 . 1 None Yes Formed hydrates 
previously
84 3 2 . 2 None Yes
85 3 2 . 4 7hrs 3 6min Yes
86 3 2 . 4 4hrs lOmin Yes
87 4 13 . 1 2hrs 24min Yes Fast cooled




for natural gas, methane, ethane, and propane respectively. 
At the head of each table is a listing of the experimental 
conditions. In particular the hydrate dissociation tempera­
ture (Tçjĵ gg) was calculated from the CSMHYD program"^ ̂ at the 
experimental pressure (Pdiss^* The temperature of subcool­
ing (Tg^g) was determined experimentally for the entire set 
of runs, so that the degree of subcooling ATg^j^ represents 
the difference between the calculated hydrate dissociation 
temperature and the experimental temperature of subcooling.
The headings for each column in the tables may be 
described as follows:
1. Run Number
2. ATg^p^^: the number of degrees which the sample is heated 
above the hydrate dissociaton point. This represents the 
degrees of superheat of the sample before the next hydrate 
formation run was started.
3. Cooling Rate AT/At: the average rate at which the sample 
was cooled from the high temperature after hydrate dissocia­
tion to either the degree of subcooling or the point of 
hydrate formation. Faster cooling rates were obtained 
through the use of ice in addition to the normal refrigera­
tion cooling.
4. the induction time required before hydrates were
formed at the subcooled temperature. Note that the actual 
induction time will be greater than ^"^ind because a
T-3898 40
significant amount of time is required to cool the system to 
the subcooled temperature on every run except the fresh 
water runs.
5. Hydrates?: Did hydrates form?
6. Comments: Any peculiarities which may distinguish this 
run from the others or give additional information.
Consider an example of the use of the headings to 
interpret the experimental conditions on the first run of 
Table 3. That run represents an experiment on natural gas 
in which fresh water was introduced into the cell 
(henceforth called a fresh water run). Since it was a fresh 
batch of water, the headings of ATg^p^^. and AT/At do not 
apply. The experiment formed hydrates after an induction 
period of 1 hour and 45 minutes.
The system was then superheated by l^C, before cooling 
it for the following run (run # 2 )  at an average cooling 
rate of 3.4°C/hr. The induction time for the second run was 
reduced to 2 minutes at the subcooled temperature before 
hydrates formed.
In Table 3 experiments 1 through 5 were performed to 
determine the effect of different degrees of superheat on 
the induction time when slow cooling the system. Runs 4 and 
5 appear not to conform to the pattern of runs 1 through 3 
which show a consistant decrease in induction time. Run 6 
was performed in an attempt to duplicate the initial
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results. Runs 7 and 8 were experiments to determine the 
effects of depressurization.
In Table 3 experiments 9 through 16 were performed as a 
duplication of the previous runs, which were all done in the 
slow cooling mode. In addition, in our initial work to 
reproduce the results of Lingelem and Majeed"^^ one experi­
ment was performed at a subcooled temperature of 6°C; no 
hydrates were formed, suggesting that a higher degree of 
supercooling (8°C) was necessary.
Runs 17 through 2 3 were performed to determine the 
effect of fast cooling on the natural gas and water system. 
Slow cooled runs (17, 20, and 22) were done for comparison
to fast cooled runs (18, 21, and 23). Runs 17 and 18 show a
decrease in induction time, while runs 2 2 and 2 3 show an 
increase in induction time. Runs 2 0 and 21 though are 
inconclusive since hydrates were never formed. Note though 
that before run 19 was started, the double deionized water 
was heated above 40°C for over 2 4 hours.
Table 4 for methane, gives the results of experiments 
2 4 through 46. Runs 2 4 through 3 2 were performed to show 
the effect on induction time of fast versus slow coolings at 
equivalent amounts of superheat. Runs 3 8 through 4 5 were 
designed to reproduce those results and to also give 
information about the effect of different degrees of 
superheat. Runs 3 3 and 4 6 were depressurized experiments.
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Runs 3 4 and 3 5 were performed at an abnormal degree (8 C) of 
subcooling for methane resulting in no induction time. Thus 
the subcooling temperature was set at 4°C. Runs 3 6 and 3 7 
were done at the same degree of subcooling (4°C), but at 
different pressures, in order to consider the effect of the 
water structure on the time of hydrate formation, as indi­
cated in the discussion.
Of the gases tested, the experiments for ethane were 
the most reproducible with regard to pressure drops after 
the start of hydrate formation. Runs 47 and 48 in Table 5 
for ethane were done at 4°C subcooling. Because hydrates 
did not form, the amount of subcooling was increased to 8°C 
and a fresh batch of water was input for Run 49. Runs 49 
through 57 were done to test the effect of superheating on 
induction time. The induction time appeared to decrease 
consistently until Run 55. These results were reproduced by 
runs 61 through 64. In Run 52 the degree of subcooling 
(8°C) was not attained before hydrates formed; and the time 
elapsed while Cooling the system until hydrates form contin­
ued to decrease as indicated by a decrease in the amount of 
subcooling which could be obtained before hydrates formed 
for subsequent runs (through run 55). After 8°C of super­
heat induction time varied ramdomly as shown in runs 56, 57, 
59, and 64.
Runs 58 and 66 in Table 5 are depressurization runs
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that showed no induction time when the system was 
repressurized. Runs 60 and 65 provided fast cooling for a 
system which was heated to 14°C and TO°C respectively above 
the hydrate dissociation point.
In addition to all these listed runs, two qualitative 
experiments were performed on the visual low pressure cell 
in order to verify whether liquid ethane would lower the 
hydrate-formation temperature of the gas^^. At a ATg^g of 
8°C immediate hydrate formation occurred both times once the 
cell was rocked after being loaded.
In Table 6, Runs 67 through 70 were performed in an 
attempt to determine the degree of subcooling necessary to 
form propane hydrates. The amount of subcooling and the 
pressure that could be applied were restricted at the upper 
boundary by the liquefaction point of propane and at the 
lower boundary by the ice point. Before Runs 71, 73, 74,
77, 83, and 88 we froze the water in order to provide a
template to force hydrate formation. Runs 71 through 74 
were performed to determine the effect of superheating on 
induction time. Runs 82 through 86 confirmed the results.
Runs 77, 78 and 87 in Table 6 show how fast cooling
decreases the induction time. Note that while Run 7 8 
(AT/At = 9.7°C/hr) had an induction time of 8 minutes,
compared to that of Run 77 (AT/At = 6.8°C/hr) the actual
time below the hydrate formation point was less for Run 78
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than for Run 77, due to rapid cooling.
Runs 79 through 81 were unsuccessful attempts to form 
hydrates from liquefied propane in the non-visual high 
pressure cell without previous structure caused by ice
formation. Since hydrate formation is detected through a 
pressure decrease, it was not clear whether hydrates had 
formed due to the fact that the liquid phase replenishes the 
vapor phase with ethane once gaseous propane is being 
incorporated into the hydrate structure. Thus further
experiments were performed on the low pressure cell.
For the first run no hydrates formed over a 48 hour
period. Once the system was depressurized rapidly hydrates
formed instantly. Thus it was attempted to reproduce this 
result without holding the water and the gas in contact for 
48 hours to see whether time was an important variable. 
Hydrates did not form immediately.
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DISCUSSION OF RESULTS 
Hypothesis
The following hypothesis for primary nucléation was
formed from the experimental results and it provides a
vehicle for their interpretation. Therefore the discussion 
begins with the hypothesis of the primary nucléation period. 
However initially it is vital to provide physical pictures 
for the terms metastable and stable nuclei, induction peri­
od, primary and secondary nucléation, and degree of
subcooling, which are frequently used in this thesis.
At the top of Figure 10, a guest molecule (3-7 Â) is 
represented, relative to the size of a hydrate cage (6-8 Â) 
and a hydrate unit cell (12-17 Â) . The two vertical lines 
in the figure provide an estimated stability size range for 
a nucleus, shown in the lower corner; when the nucleus size 
is less than this boundary it is considered to be metasta­
ble, since it may either shrink or grow. The hydrate unit 
cell falls into the lower part of this stability range thus 
representing a metastable nucleus. At this point it can ei­
ther shrink to a smaller size or it can grow at the expense 
of other metastable nuclei or other available molecules to 
form a stable nucleus. When the stable nucleus surpasses its 
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Figure 10. Size of Particle Related to Stability Range
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range) it will only grow. A fully stable crystal is repre­
sented as the largest circle in Figure 10. The two vertical 
lines thus represent the transition region between the pri­
mary and secondary nucléation region.
The degree of subcooling (superheating) is the number 
of degrees a system's temperature is lowered (increased) be­
low (above) its hydrate equilibrium condition at the same 
pressure. A degree of subcooling of 8°C is graphically 
represented in Figure 11.
Figure 12, a visual representation of the model 
developed, is a depiction of the progress of molecular spe­
cies from water [A] species [B] and [C] , to stable nuclei 
[DJ at the end of the primary nucléation region. When the 
primary nucléation period starts, liquid water and gas are 
in the system. These two phases interact with each other 
and form both large and small hydrate cages of structures I 
and II ([B]). At this point the structures are long-lived 
but unstable. The cages may either dissipate or grow to hy­
drate unit cells or agglomerations of unit cells ([C]), thus 
forming metastable nuclei. Since these metastable unit 
cells are of subcritical size, they may grow or shrink too. 
The metastable nuclei are in equilibrium with the cages 
until the nuclei reach the critical radius, thus becoming 
stable. Then crystals ([D]) are stable, indicating the on­
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Note that when the system is reheated, it is driven to 
the left in Figure 12 and the stable hydrate crystals are 
dissociated. Thus once the dissociation point is reached 
and passed there are still microscopic species in the water 
that range in size from hydrate unit cells [C] to metastable 
nuclei [B]. They are only present up to a certain degree of 
heating above the dissociation point. As long as the tem­
perature is kept below that upper boundary, the presence of 
these species causes a decrease in the primary nucléation 
(induction or metastability time) of a consecutive run, be­
cause the "building blocks" of crystals will remain in the 
liquid. However, once an upper temperature limit is passed, 
no residual structure remains to promote hydrate formation.
The described model as well as the crystal sizes of 
Figure 10 can be related to the physical phenomena of an ac­
tual pressure-temperature trace for hydrate formation and 
destruction shown in Figure 13. Note that for the
experiments done in this work the pressure and the
temperature were usually not recorded when cooling the 
system to the desired degree of subcooling. Thus a typical 
pressure-temperature plot would start at point 2 .
The pressure-temperature trace in Figure 13 was
generated using the current apparatus, with a modification 
of the experimental procedure as follows: water and gas
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metastable region (between points A and 2), hydrate 
formation occurred (between points 2 and 3), and hydrates 
were dissociated on reheating (between points 3 and A) . 
Point A was taken as the thermodynamic temperature and 
pressure of hydrate formation when no metastability is 
present.
Before point 1, when the system is not pressurized yet, 
the water is either a hydrogen-bonded network of molecules 
as suggested by Stillinger^ (see Figure 4) or an 
agglomeration of pentagonal dodecahedra and
tetrakaidecahedra as proposed by Pauling^ and Nagashima^ in 
the introduction. For hydrates to be formed in the former 
case, the pentagons and hexagons would have to first form 
partial cages, stabilizing a guest molecule, and then grow 
on to actual cages, unit cells and multiple unit cells. In 
the latter case, the cage would have to be disrupted for the 
guest molecule to be exchanged to form gas hydrates as 
suggested by Kobayashi (personal communication with Sloan, 
March 22, 1990).
At point 1 in Figure 13, after pressurization of the 
system, the guest molecules are dissolved in water, and un­
stable liquid-like, individual quasi-hydrate cages have been 
formed around the guest molecules dissolved in solution 
48,49 (see Figure 6 ). Since these cages are of subcritical 
size, they must link to other cages to form unit cells, in
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the metastable period of cooling between points 1  and 2  in 
Figure 13.
Larson and Garside^^ provide thermodynamic rationale 
for some stability for these clusters, even though they are 
sub-critically sized. Their starting point was the Classic 
Theory illustrated in Figure 14, which shows how the Gibbs 
Free Energy varies with cluster size. The cluster size is 
incorporated in the surface and volume terms as illustrated 
below:
AG = 4 7 rr^a + 4 / 3 7 rr^AG.V
where o is the surface tension, AG^ is the specific free 
energy change, and r is the radius of a spherical cluster. 
Once clusters achieve their critical radius, at which point 
AG goes through a maximum, crystals can start growing 
spontaneously as denoted through the decrease in the Gibbs 
Free Energy. Clusters that do not grow to their critical 
size are dispersed. This model did not account for the 
changes in the surface tension due to surface curvature, 
which becomes very significant for very small clusters with 
a very small radius of curvature. Thus a revised equation 











Figure 14. Free Energy Change for Cluster Formation 50
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AG = 4 7rr^a«>exp ( - a ô / r )  + 4 / 3  vrr^ AGV
where 2 6 is the interfacial thickness. The dashed curve in 
Figure 14 graphically represents the above equation. The 
subcritically-sized nuclei, such as species [B] or [C] in 
Figure 12, can thus be considered to exist metastabily at 
the minimum shown in the dashed curve of Figure 14.
At point 2 in Figure 13, the cages have joined to reach 
the critical crystal size, just at the upper limit (vertical 
line) in Figure 10. At this point the primary nucléation 
region has ended and secondary nucléation occurs, as shown 
in Figure 13 by the rapid drop in pressure in the constant 
volume cell due to the encapsulation of gas molecules in the 
hydrate cages. The conditions between points 1 and 2 in 
Figure 13 represents the basic interest of this kinetic 
study, since they are the primary nucléation region.
In Figure 13, the system progresses from point 2 
through the end of the secondary nucléation period in point 
3, where hydrate formation stops. As the system is heated, 
the temperature rises from point 3 to point A, where the 
detectable hydrate crystals start to disappear into the li­
quid phase, but quasi-crystalline metastable structures 
remain up to a certain degree of superheat.
The discussion of the primary nucléation kinetic 
results will be based upon the above hypothesis, as is
ARTlTin; U.U5ABY
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related to each hydrate forming gas.
Natural Gas
In preliminary results, done in an effort to reproduce 
Lingelem and Majeed's correlation^^, we found that the pure 
water temperature history did not affect induction time, as 
long as substantial hydrogen-bonding (as in ice) was not 
present. However as shown below, previous hydrate formation 
did have a significant affect on induction time.
There is an effect of superheat on residual structure 
in 'the liquid. It appears that temperatures greater than 
3.5°C superheat cause a disintegration of the structure in­
herited from previous hydrate formations. In Table 3 runs 
1, 2, 3, 6 , 9, 10, 11, and 14 all have less than 4°C super­
heat. An examination of these runs suggests that lower 
degrees of superheat enable the continued existence of 
nuclei. Lower induction times for consecutive runs suggest 
that with low superheat, more (or larger) metastable nuclei 
persist to promote hydrate formation in subsequent runs. 
Runs 4, 5, 12, 13, and 15 show that superheating the system
above 4°C destroys the residual structure, so that the in­
duction time becomes random.
The sample cooling rate variation is shown in runs 17
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through 23. While runs 17 and 18 suggest a decrease in 
induction time when the system is cooled fast, the opposite 
is shown through runs 22 and 23. Thus fast cooling has a 
random effect on the formation of natural gas hydrates. Runs 
19 through 21 never formed hydrates. The double deionized 
batch used for these runs had been heated above 4 0°C for 
more than 2 4 hrs, which might have affected the water 
structure significantly^^.
Depressurization Runs (7, 8 , and 16) resulted in no in­
duction time (instantaneous formation). This is an 
indication that the resiual liquid structure is hardy. It 
should be noted that these three runs were only superheated 
a small amount (less than 3.5°C) so that residual structure 
was encouraged.
Methane
For methane induction time was not affected as much by 
the degree of superheat as by the rate of cooling. Runs 2 6  
27, and 38 were slow-cooled and did not form hydrates after 
24 hours at the subcooled temperature, while runs 31,32, 
and 45 (also slow-cooled) formed hydrates readily with 
similar degrees of superheat to runs 26 and 27. However, 
prior to runs 31 and 32, three fast-cooled runs (28, 29, and
T-3898 58
30) formed hydrates rapidly and gave the liquid enough re­
sidual structure to aid in subsequent slow-cooled runs (31 
and 32) . The same result was obtained for runs 41 through 
45 where the latter (45) was slow cooled while all the other 
were fast cooled.
Fast-cooled runs indicate that the upper superheat 
temperature is at least 3°C, at which structure persists in 
the liquid. Unless fast-cooled runs proceed them, the data 
indicates that slow-cooled runs have residual structure 
which is dissipated at a superheat of 1°C.
The depressurization runs (33 and 46) resulted in no 
induction time and 19 minutes on repressurization. This is 
a further indication that any residual liquid structure is 
very hardy. Note that 19 minutes is a relatively 
insignificant induction time when compared to 24 hours.
Further runs (24, 36, and 3 7 ) were performed to con­
sider the effect of water structure on hydrate formation. 
In these runs the degree of subcooling was held constant, 
but the absolute temperature and pressure were varied. It 
was reasoned that the water hydrogen-bonding (and the number 
of pentagons and hexagons) would increase at lower tempera­
ture to promote hydrate formation^. However, there seemed 
to be only a random effect of water structure on hydrate 
formation time, within these experiments. The three runs, 
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T-3898 60
the anticipated decrease of induction time with temperature
Ethane
In runs 47 and 48, a lower degree (4°C) of subcooling 
was used, resulting in no hydrate formation over a 4 8  hour 
period. Consequently we increased the amount of subcooling 
to 8 °C in subsequent runs.
For ethane the maximum amount of superheat for residual 
structure is 8 °C as shown in the sequence of runs 4 9 through 
57 and runs 61 through 64. Because this degree of superheat 
is higher than all other gases studied, the residual liquid 
structure is thought to be very hardy.
The fast-cooled run (60) for ethane indicated that the 
induction time could be decreased compared to slow cooling. 
The quantitative determination by the run was hindered due 
to a shortage of ice during the run. Run 65 proved that 
fast cooling decreased the induction time compared to slow 
cooling.
Depressurization of ethane also exhibited no induction 
time on repressurization (runs 42 and 6 6 ) . It should be 
noted that the system was depressurized for over two days 
(for run 42 only) prior to repressurization, indicating a 
very hardy structure in the liquid phase. Bridgman^^ first
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suggested that the melted ice structure would require a 
substantial amount of time before all of the molecules of 
the solid aggregate would redistribute randomly. The 
experiments performed for this work indicate that a similar 
situation occurs for melted hydrates, except that the 
hydrate structure requires even longer to redistribute (e.g. 
run 58).
The experiments done with liquefied ethane showed no 
induction time. Thus liquefied ethane experiments are 
likely candidates for inhibition experiments, since the 
effect could be observed immediately.
Propane
We could not form hydrates (Runs 67 through 70) under 
the current experimental constraints without prior nucléa­
tion centers, in the form of ice. In the case of fast- 
cooled runs (77, 78, and 87) it appears that persisting
structures (from previous dissociated hydrates) encourage 
hydrate formation. Without prior formation even fast 
cooling will not induce hydrate formation in the given time 
span (runs 7 5 and 76).
The degree of superheat of 2 °C seems to be the upper 
bound for the destruction of residual structure in the
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water, as shown by runs 71 through 74 and 83 through 8 6 .
The depressurization run (8 8 ) of propane resulted in 
an induction time of almost 17 hours which seems to indicate 
a lack of hardiness of the nuclei in solution at a certain 
degree of superheat. Note that propane forms a structure II 
hydrate as opposed to the other three gases that form 
structure I hydrates. Thus the hardiness of the nuclei 
above the dissociation point might be dependent also on the 
hydrate structure formed.
Three liquefied propane runs (79 through 81) were done 
to determine if hydrates could be formed more easily through 
this liquid hydrocarbon. These runs were inconclusive, 
because our experiment sensed hydrate formation upon pres­
sure drop. Almost no pressure drop is required for hydrate 
formation from the liquid hydrocarbon, since the volume of 
liquid hydrocarbon in the hydrate phase is not as 
significant as in the gas phase. In the visual low pressure 
cell though no hydrates were formed over a 48 hour period 
thus showing that liquid propane does not induce hydrate 
formation.
Natural Gas versus Methane. Ethane. and Propane
Methane, ethane and propane are components of the
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natural gas mixture. Looking at Table 7, which is a summary 
of all the results obtained for the four gases, the behavior 
of the single gas components seems to relate to that of 
natural gas. Natural gas nuclei are stable up to 3. 5*̂ C 
above the dissociation point. Methane and propane nuclei 
are stable at lower temperatures while ethane nuclei are 
stable up to 8 °C. Thus, natural gas might be showing a 
combined effect of the three single gases.
The slow cooling runs for methane, ethane, and propane, 
that had been previously heated far above the nuclei 
stability point, resulted in no hydrate formation over a 2 4 
hour period. Natural gas did form hydrates though under the 
same conditions. Methane runs were performed at 4°C of 
subcooling because no induction times could be obtained at a 
the degree of subcooling that was used for natural gas. 
Thus it appears that methane dominates in the natural gas 
behavior with respect to slow cooling.
All three single gases consistently formed hydrates 
faster (or had a lower induction time) for fast cooled runs 
than for slow cooled runs. Natural gas instead showed 
random behavior thus indicating no direct correlation to the 
single gas systems.
For the depressurization runs both ethane and methane 
reflect the results for natural gas. Propane though had a 
very large induction time.
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Table 7. Summary of Results for Natural Gas, Methane, 
Ethane, and Propane

















































The pressure versus time plots are very reproducible 
for ethane but not for the other three gases. Thus mainly 
methane, since it is the main component in natural gas, and 
also propane are responsible for the irregular pressure 
drops when natural gas hydrates are formed.
Implications of Hvpothesized Kinetic Model
If the molecular hypothesis advanced at the beginning 
of this section is true, there are direct implications for 
the prevention and dissociation of hydrates which go beyond 
the normal hydrate prevention/dissociation means. For 
example industry has classically used four means of hydrate 
prevention :
1 ) removal of water, either as a separate phase or as a con­
taminant in the hydrocarbon phase,
2 ) increasing the system temperature beyond the hydrate 
formation conditions,
3) decreasing the system pressure below the hydrate forma­
tion conditions, and
4) injection of an inhibitor into the system to change the 
equilibrium conditions.
The logical extension of the hypothesis shown in Figure 
1 2 , suggests that while it may be difficult to prevent the
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small subcrystalline structures from forming, it may be 
possible to prevent them from growing to a larger mass, 
which in turn plugs the flow channel. Thus it may be desir­
able to incorporate some component which will prevent 
crystal agglomeration and growth. Such a role may be 
fulfilled by adding a surfactant or viscosifier, to make it 
more difficult for metastable species [B] or [C] in Figure 
1 2  to join with other such species to become stable species 
[D] .
A second implication of the findings in this work 
involves the procedure with which a process enters the 
region of hydrate stability. If hydrates have previously 
been formed in a sample of water, the hypothesis and 
findings suggest that the existent nuclei (species B and C 
in Figure 12) will serve as centers for rapid 
crystallization. However, if the water has not previously 
formed hydrates, no such nuclei will be present and the time 
required for hydrate formation will be random.
There are other such hydrate inhibition/formation ideas 
which can logically be inferred from the hypothesis. These 
ideas will be the basis for future hydrate kinetic research.
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CONCLUSIONS
The effects of the following variables of primary 
nucléation were studied: 1) time, 2) degree of superheat, 3) 
cooling rate, 4) pressure, 5) degree of subcooling, 6 ) guest 
diameter and 7) liquefied hydrocarbons (ethane and propane). 
Based upon the above experimental results and discussion, 
the following conclusions are drawn:
1. Time is a primary variable for the formation of nuclei 
and crystals. Nuclei stability above the dissociation point 
are also time dependent. Induction times are dependent on 
the presence of nuclei. In their abscence induction times 
become random.
2. The degree of superheat is an important variable once 
hydrates have been formed. It is hypothesized that hydrate 
nuclei persist above the dissociation point up to a certain 
degree of superheat.
3. The rate of cooling can affect the rate of hydrate forma­
tion. When the system is fast cooled relative to slow 
cooled, the induction times for the formation of methane, 
ethane, and propane hydrates decrease.
4. Based upon the depressurization experiments, it is con­
cluded that for structure I formers, pressure seems to be 
irrelevant to the existance of nuclei after they have been 
formed. Pressure does seem to affect the existance of
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structure II nuclei.
5. Natural gas, ethane, and propane need higher degrees of 
subcooling for the formation of hydrates than methane. This 
might indicate that methane has a narrower metastable region 
compared to the other three gases. However, all systems have 
to be subcooled to form hydrates.
6 . The stability of the nuclei also appears to be dependent
upon the size of the guest molecule and the structure
formed. For example the nuclei of ethane seem to be very 
stable, while those of methane seem to be highly unstable.
7. Liquid hydrocarbons do not necessarily inhibit hydrate
formation. Ethane forms hydrates very readily in the 
presence of a liquid phase while propane doesn't.
8 . The behavior of single gas components can be related to 
natural gas but more experiments need to be performed for 
better understanding of this complex system.
9. A general hypothesis has been proposed to model
qualitatively the primary nucléation region of hydrate 
formation.
Other variables such as mixing and shear rates, pH, and 
purities have not been considered in this kinetic study due 
to time and resource constraints.
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RECOMMENDATIONS
In order to supplement qualitative kinetic data on the 
primary nucléation region with quantitative kinetic data on 
the secondary nucléation region, the current high pressure 
apparatus will have to be modified to keep both temperature 
and pressure constant by allowing for variation in the cell 
volume.
As a continuation of the work done to date, it is 
suggested to look at the primary variables affecting binary 
gas and water systems. This would show how two gases 
interact with each other when forming hydrates. The results 
might clarify, for example, why fast cooling is relevant for 
the formation of simple gas hydrates but not for natural gas 
hydrates.
Since industry is concerned not only about hydrates 
plugging pipelines but also hydrate formation in drilling 
fluids, a third surface, such as bentonite, which is a 
common clay used in muds, could be added to the water. This 
system would simulate a 'real world' situation better.
To verify the general hypothesis presented in the 
thesis it is necessary to perform experiments on a 
microscopic scale. Spectroscopic measurement devices, such 
as Nuclear Magnetic Resonance or Raman spectroscopy, would 
be likely candidates.
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The ultimate goal for the industry is either to avoid 
hydrate formation completely or to minimize the hydrate size 
to prevent the pluggage of flow channels. The latter might 
be studied by the addition of surfactants. Other impli­
cations of the hypothesized mechanism should be investigated 
as a means of preventing hydrate clusters from sharing 
faces or vertecies to form larger hydrate crystals. To see 




Testing of Correlation of Primary 
Nucléation Proposed by M- Lingelem and A- Majeed
The first objective of the work done in this thesis was 
to reproduce the correlation shown in Figure 16. If such 
correlation were indeed true then the hydrate formation time 
could be predicted as a function of degree of subcooling 
which would be very useful to the industry.
Twenty-one runs were performed, nineteen of which at a 
degree of subcooling of 8 °C and the other two at 7°C and 
10®C. The experimental procedure used was the same as that 
described under # 3 in the subsection entitled 'experimental 
procedure'. The double deionized water was heated well above 
the nuclei stability region (over 40°C) for each run. Figure 
17 shows Lingelem and Majeed's correlation^^ with the 
addition of the experimental results obtained over a two 
month period in this laboratory. Three of the runs resulted 
in no hydrate formation over 24, 36, and 48 hour periods and 
could thus not be represented in the plot.
The graph clearly disproves the validity of the 
suggested correlation. The experimental induction times 
varied anywhere from no induction time to no actual hydrate 
fomation in a 48 hour span at which the temperature was
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B Visual Observations 
o  Pressure Observation100








Figure 16. Time to Initial Hydrate Formation versus 
Subcooling^^
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Figure 17. Lingelem and Majeed's Correlation Compared to 
Experimental Work Performed in our Laboratory
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held constant at the desired degree of subcooling.
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APPENDIX B 
Data Acquisition and Control Programs
Both computer programs, KIN3 and CONTROL, used to run 
the kinetic experiments and collect the pressure, 
temperature, and time data are listed in this section.
The programs are written in BASIC interwoven with 
SOFT500 commands of the Keithley Data Acquisition and 
Control System.
CONTROL is an extended version of K1N3. It has the 
additional feature of collecting data while the system is 
being cooled and switching to KIN3 once hydrate formation 
has begun. These program are modified versions of AUTOl^^.
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30 CLEAR: OPTION BASE 1:NPTS=5:IC=0:HFT=1440:WHFT%=HFT/(NPTS*1 
40 DIM PRESS(NPTS), TEMP(NPTS)
50 TP0INT=0:MHY=0:P0WER=31 ! :Z=1 ! :HRATE=1 !:R1=5.02 
60 A=2.94537E-03 : B=2.54159E-04 : C=3.08018E-07
70 HR%=0 : MIN7.=0 : SEC%=0 : M0N7.=0 : DAY%=0 : YR%=0 
80 GDSUB 1200: GOSUB 870: DEF SEG=20
90 REM ================ SET SCREEN FOR THE PLOT ===============================
100 CLS:SCREEN 2:V I E W (20,185)-(600, 140) , , 1:V I E W (20, 10)-(180,130) , . 1 
110 VIEW(250, 10)-(600, 120),, l:WINDÔW(TMÎN,PMIN)-(TMAX,PMAX) :L0CATE 17,30:PRINT U 
SING" #. #";TMIN:LOCATE 17,50:PRINT"TIME(SEC)":LOCATE 17,73:PRINT USING"######";T 
MAX:L0CATE 2,26:PRINT USING"####.#";PMAX: l o c a t e  16,26:PRINT USING"####.#";PMIN 
120 LOCATE 5,30: P R INT"P ": LOCATE 6,30:PRINT"R": LOCATE 7,30:PRINT"E": LOCATE 8,30:P 
RINT"S":LOCATE 9,30: PRINT"S ": LOCATE 3,8:PRINT "MUD # ";A$:LOCATE 4,8:PRINT"RUN # 
";B$:GOSUB 1030:LOCATE 6,4:PRINT "START =";COUNT*:LOCATE 7,4 
130 PRINT "TIME"
140 IF RUNC=1 THEN GOSUB 1280
150 GOSUB 460:GOSUB 710:PSET(TL,PP>,1 : LOCATE 9,4:PRINT"CURRENT =";COUNT*:LOCATE 
lO,4:PRINT"TIME"
16Ô LOCATE 12,4:PRINT USING"PRESS = ####.## psi";PP:LOCATE 14,4:PRINT USING "TEM
P = ###.## F";LL:LOCATE 16,4;PRINT "TOT PTS = "TPOINT:GOSUB 770
170 CB$=INKEY*:IF CB$="E" GOTO 440
180 IF Z = 1 ! THEN LOCATE 1,7:PRINT "AUTO CONTROL"
190 CB$=INKEY*:IF CB$="M" THEN LOCATE 1,7:PRINT "MANUAL CONTROL":Z = 0 !
200 LOCATE 1,32:PRINT USING "START TEMP =###.## F";STT:LOCATE 1,55:PRINT USING"T 
EMP GR =####.# F/hr":TGR
210 REM ================= INPUT INFORMATION ===================================
220 LOCATE 19,5:PRINT "Hit H
230 LOCATE 21,5:PRINT " M
To Heat Anytime During Run, 
Manual Control."
240 LOCATE 23, 5:PRINT " E Exit program."
250 LOCATE 19, 45:PRINT " 1 Heating at 1 F/hr-
260 LOCATE 20, 45:PRINT " 2 2 F/hr.
270 LOCATE 21, 45:PRINT " 3 3 F/hr.
280 LOCATE 22, 45:PRINT " 4 4 F/hr.
290 LOCATE 23, 45:PRINT " 5 5 F/hr.
300 HT*=INKEY*:IF HT$="H' 







THEN H R A T E = 2 ‘
IF SK*="4" THEN HRATE=2.66666667#
350 IF SK$="5" THEN HRATE=3.3333334#
360 REM ***********************************************************************
370 JC=TPOINT-(NPTS*IC): PRESS(JC)=PP:TEMP(JC)=LL:IF LL>100 GOTO 440
380 IF JC=1 THEN TMR1=TMR
390 IF JC=NPTS THEN TMR2=TMR
400 IF 2=0! THEN GOTO 420
410 IF JC=NPTS THEN GOSUB 1350
420 GOTO 150
430 REM =============== MAIN DATA ACQ. ROUTINE ==============================
440 CALL INTT 
450 GOTO 1180 
460 SN=100:CALL INIT
470 V A O M = <.0309892*P0WER+.598276)*Z 
480 IF (VA0M>4!) THEN V A 0 M = 4 !
490 CALL ANWRITE"("AQ2",VA0M,0)
500 CALL ARMAKE'("OUT%",SN,"AGO")
ARTMUB LAKES LIB&ARK 
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550 CALL ANOUT' ( "OUT*/." , "AGO" ,1,-1)
560 CALL INTON'(5,"MIL")
570 LP=0
580 CALL ARLASTP - ( "TEMP7." , LP)
590 IF LP<SN THEN GOTO 580
600 T1=0:T2=0:PP=0:PT=0:T1T=0:T2T=0:F0R 1 = 1 TO SNiCALL ARGETVAL' < "TEMP7." , I , "CHO" 
,T1,0>
610 CALL ARGETVAL'("TEMP%",I,"CH1",T2,0)
620 CALL ARGETVAL' <"TEMP%",I,"CH6",PP , O )
630 T1T=T1T+T1:T2T=T2T+T2:PT=PT+PP:NEXT I:T1=T1T/SN:T2=T2T/SN:PP=PT/SN 
640 LOCATE 20,5:R2=R1*T2/T1:LL=R2:PP=PP*1000:PP=ABS(PP)
650 CALL INTOFF 




700 REM ========== CONVERT THERMISTOR RESISTANCE TO TEMP. ===============
710 TK=1/(A+B*LOG(LL)+C*((LOG(LL))"3))
720 TF=(TK-273.15)*1,8 + 32 ! :LL=TF 
730 IF TP0INT=1 THEN STT=LL 
740 RETURN
750 ***************************************************************************
760 REM =================== SAVE TEMP, PRESS, AND TIME =================
770 TL=(TIT-TOLD)+TL
780 OPEN FILE* FOR APPEND AS 1: PRINT#!,USING "####.## ";LL;PP:
790 PRINT #1,USING " ######";TL;
800 PRINT # 1 , ;TF$
810 LPRINT SCOUNT*,LL,PP,TL,TPOINT,DESTG:CLOSE 
820 TOLD=TIT
830 IF ICC=1 THEN T0LD=TIT-86400?
840 RETURN
850 REM ***********************************************************************
860 REM ============== SET SCREEN AND INPUT INITIAL DATA ======================
870 CLS:VIEW(10,lO)-(600,120),,l;LOCATE 17, 10:PRINT"MUD# = ": LOCATE 18,10:PRINT" 
RUN# = ": LOCATE 19, lO:PRINT"PRESS= ": LOCATE 17,50: PRINT"START TIME= ": LOCATE 18, 
50:PRINT"START PRESS=":LOCATE 19,50:PRINT"MIN TIME =":LOCATE 20,50:PRINT"MIN PRE 
SS ="
880 LOCATE 6,15:A1$="M":B1$="R":C1$="P":PRINT"ENTER MUD SAMPLE NUMBER:"
890 LOCATE 8,15:PRINT"ENTER RUN #":LOCATE 10,15:PRINT"ENTER TEST PRESSURE IN HUN 
DRED PSI"
900 LOCATE 6,40:1NPUT;A $ : LOCATE 17,18:PRINT A$
910 LOCATE 8,27:INPUT;B«:LOCATE 18,18:PRINT B$:LOCATE 10,50:INPUT;C$:LOCATE 19,1 
8:PRINT C$:FILE$="K"+A$+B1$+B$+C1$+C$:L0CATE 1,32:PRINT"FILE: ";FILE$
920 CLS:LOCATE 6,15:PRINT"ENTER THE MAXIMUM TIME(SEC) AND PRESSURE(P S I )":LOCATE 
8,15:PRINT"ENTER THE MINUMUM TIME(SEC) AND PRESSURE(PSI)"
930 LOCATE 6,60:INPUT;TMAX,PMAX: LOCATE 17,63:PRINT USING "###### SEC";TMAX:LOCAT 
E 18,63:PRINT USING "####.## psi";PMAX: LOCATE 8,60:INPUT;TMIN,PMIN:LOCATE 19,63: 
PRINT USING "#.# SEC";TMIN:LOCATE 20,63:PRINT USING"####.## psi";PMIN 
940 CLS:LOCATE 7 , lO:PRINT"IS EVERYTHING RIGHT CORRECT "
950 Y$=INKEY$:IF Y$="" THEN GOTO 950 
960 IF Y$="Y" THEN GOTO 990 
970 IF Y$="N" THEN GOTO 870
980 LOCATE 9,10:PRINT"ENTER Y FOR YES:AND N FOR NO":BEEP:GOTO 950 





1040 HOUR=HR% :MINUTE=MIN% :SECOND=SEC%
1050 TMR=H0UR*3600+MINUTE*60+SEC0ND 
1060 TIT=TMR
1070 IF TP0INT=0 THEN TDLD=TIT 
1080 ICC=0
1090 IF (H0UR=0!> AND (TMR=<94) THEN TIT=86400!+MINUTE*60+SEC0ND:ICC=1
1 1 DO DT$=STR$ (DAY%) +"/" +STR$ (M0N7.) +"/" +STR$ (YR7.)
lllO MMM$=STR$(MIN%) : IF M I N % < 10 THEN MMM$="0"+RIGHT$(MMM$,1)
1120 COUNT$=STR$(HR%)+":"+MMM$+" AM"
1130 IF HR7.>12 THEN HR%=HR%-12: COUNT$=STR$ (HR%) + " : " +MMM$+ " PM"
1140 SCOUNT$=STR$ (HR%)+": " +STR$ (MIN%)+": " +STR$ (SEC7.)
1150 TF$=STR$<HR%)+"."+STR$(MIN%)
1160 RETURN
1170 REM ********************************************************************** 
1180 END
1190 REM ========== CHECK IF THE RUN IS OLD OR NEW ============================
1200 CLS:SCREEN 2:V I E W (10, 10)-(600, 1 2 0 ) 1  : LOCATE 6,15:PRINT "IS THIS A NEW RUN 
? "
1210 CB$=INKEY$:IF CB$="" THEN GOTO 1210





1270 REM ================ READ DATA FROM OLD RUN ==============================
1280 CLOSE:OPEN "I",#1,FILE$
1290 -INPUT #1,T,P, JÛNK$: PSET (T , P )
1300 V=E0F(1): IF V<0 THEN GOTO 1320 
1310 GOTO 1290 
1320 CLOSE:RETURN
1330 REM ********************************************************************** 
1340 REM =============== TEMP CONTROL SUBROUTINE =====================
1350 IC=IC+1:IF MHY>WHFT% THEN GOTO 1400
1360 REM $$$$$$$$$$$$$$$ START HEATING AFTER MHY => WHFT% $$$$$$$$$$$$$$$$$$$$ 
1370 DESTG=.l : DRIFT=.05 
1380 MHY=MHY+1
1390 IF (MHY=>WHFT%) THEN DESTG=1.5*HRATE: DRIFT=.2 
1400 R F = 1 Î :PINC=0!
1410 IF <TMR2<TMR1) THEN TMR2=TMR2+86400!




1460 IF GDRFT>1.5 THEN R F = 2 !
1470 IF GDRFT>3! THEN RF=GDRFT^1.6
1480 IF < (DESTG-TGR) >DR I FT) THEN PINC=4.'*RF
1490 IF ((TGR-DESTG)>DRIFT) THEN PINC=-5!*RF
1500 IF PINC <>0 THEN FOR JB=200 TO 2000 STEP 60:SOUND JB,2:NEXT 
1510 POWER = POWER + PINC : IF P0WER<0 THEN P0WER=0
1520 VAOM =(.0309892*P0WER +.598276)*%
1530 IF (VA0M>4!) THEN VA0M=4!
1540 CALL ANWRITE’ ("A02",VA0M,0>
1550 RETURN
1560 REM ************************ END OF PROGRAM ******************************
t -3898 79
1 REM ===================== CONTROL PROGRAM ====== OCTOBER 10, 1989 ==BHA=====
2 REM
3 CLEAR: OPTION BASE 1:NPTS=10:IC=0:HFT=1440:WHFT%=HFT/(NPTS*1.5)
4 DIM PRESS(NPTS), TEMP(NPTS)
5 TP0INT=0: J JJ=0: MHY=0: DESTG=-5 ! ; DRIFT=. 4: P0WER=20 ? : Z=1 ! :HRATE=1 !
6 GOSUB 107: GOSUB 72: GOSUB 86
7 CLS:SCREEN 2:V I E W (20, 185)-(600,140),,1:V I E W (20, 10) - ( 180, 130) , , 1
8 V I E W (250,10)-(600,120),,1:WINDOW(TMIN,PMIN)-(TMAX, PMAX) : LOCATE 17,30:PRINT USI 
NG"###.#";TMIN:LOCATE 17,50:PRINT"TEMP(F>": LOCATE 17,73:PRINT USING"###.#";TMAX: 
LOCATE 2, 26:PRINT USING"####.#";PMAX:LOCATE 16,26:PRINT USING"####.#";PMIN
9 LOCATE 5,30:PRINT"P": LOCATE 6, 30: PR I NT"R": LOCATE 7,30:PRINT"E": LOCATE 8,30:PRI 
NT"S":LOCATE 9,30: P R INT"S ": LOCATE 3,8:PRINT "MUD # ";A$:LOCATE 4,8:PRINT"RUN # " 
;B$:GOSUB 92:LOCATE 6,4:PRINT "START =";COUNTS:LOCATE 7,4
10 PRINT "TIME":CRO=MIN%
11 IF RUNC=1 THEN GOSUB 113
12 GOSUB 41:GOSUB 65:P S E T (L L ,P P ),1: LOCATE 9,4:PRINT"CURRENT =";COUNT*: LOCATE 10, 
4:PRINT"TIME"
13 LOCATE 12,4:PRINT USING"PRESS = ####.## psi";PP:LOCATE 14,4:PRINT USING 
= ###.## F"?LL:LOCATE 16,4:PRINT "TOT PTS = "TPOINT:GOSUB 69
14 CB$=INKEY*:IF CB$="E" GOTO 39
15 IF 2=1! THEN LOCATE 1,7:PRINT "AUTO CONTROL"
16 CB*=INKEY*:IF CB$="M" THEN LOCATE 1,7:PRINT "MANUAL CONTROL": 2=0 !
17 LOCATE 1,55:PRINT USING"TEMP GR =####.# F/hr";TGR
To Heat Anytime During Run."
Manual Control."
Exit program."
Heating at 1 F/hr."
TEMP
18 LOCATE 19,5:PRINT "Hit
19 LOCATE 21,5:PRINT "
20 LOCATE 23,5:PRINT "
21 LOCATE 19,45:PRINT "
22 LOCATE 20,45:PRINT 2 2 F/hr."
23 LOCATE 21,45:PRINT " 3 3 F/hr."
24 LOCATE 22,45:PRINT 4 4 F/hr."
25 LOCATE 23,45:PRINT 5 5 F/hr."
26 HT*= INKEY*: IF HT*="H" THEN MHY=WHFT7.
27 SK$=INKEY$:IF S K $ = " 1" THEN HRATE=.6666667
28 IF SK$="2" THEN HRATE=1.333334
29 IF SK$="3" THEN H R A T E = 2 !
30 IF S K$="4" THEN HRATE=2.66666667#
31 IF SK$ = "5" THEN HRATE=3.3333334#
32 JC=TPOINT-(NPTS*IC): PRESS(JC)=PP:TEMP(JC)=LL: IF LL>100 GOTO 39
33 IF JC=1 THEN TMR1=TMR
34 IF JC=NPTS THEN TMR2=TMR
35 IF 2=0! THEN GOTO 37
36 IF JC=NPTS THEN GOSUB 119
37 GOSUB 101:G0T0 12




42 V A O M = (.0309892*P0WER+.598276)*2
43 IF (V A O M >4 !) THEN V A O M = 4 !
44 CALL A N W R I T E ' ("A02",VAOM,0)
45 CALL ARMAKE ' ( " 0UT7. " , S N , " ADO " )
46 FOR D=1 TO S N : V A 0 = 5 ! : CALL ARPUTVAL' ("OUT%",D , "AOO",VAO,O)
47 VA=0:CALL ARGETVAL' ( "0UT7." , D, "AOO" , VA, O)
48 NEXT D
49 CALL ANIN' ("TEMP7.",SN, "CHl,CHO,CH6", 1)




53 CALL ARLASTP' ( "TEMPV." , LP)
54 IF LP<SN THEN GOTO 53
55 t i =o :t 2=o :p p = o :p t =o :t i t =o :T2T=o :f o r  i=i t o  s n :c a l l  a r g e t v a l ' <"TEMP*/.", i , "CHO", 
T1,0)
56 CALL ARGETVAL' <"TEMP7.", I, "CHI" ,T2,0>
57 CALL ARGETVAL' ("TEMP7", I, "CH6",PP,C>>
58 T1T=T1T+T1:T2T=T2T+T2:PT=PT+PP:NEXT I:T1=T1T/SN:T2=T2T/SN:PP=PT/SN





64 REM ========== CONVERT THERMISTOR RESISTANCE TO TEMP. ===============
65 T K = 1/(A +B*LOG(L L )+C* < (LOG(LL))^3))
66 TF=(TK-273. 15)*1.8 + 32 ! :LL=TF
67 RETURN
68 REM =================== SAVE TEMP, PRESS, AND TIME =================
69 OPEN FILE* FOR APPEND AS 1 :PRINT#1,LL,PP,SCOUNT*
70 LPRINT L L ,P P ,SCOUNT*,S L O P ,POWER: CLOSE
71 RETURN
72 CLS:VIEW(lO,10)-(600,120),,IZLOCATE 17,10:PRINT"MUD# = ": LOCATE 18,10:PRINT"R 
UN# = ": LOCATE 19, 10:PRINT"PRESS= ": LOCATE 17,50:PRINT"START TEMP= ": LOCATE 18,5 
O:PRINT"START PRESS=": LOCATE 19,50:PRINT"MIN TEMP =":LOCATE 20,50:PRINT"MIN PRES 
S ="
73 LOCATE 6,15:A1*="M":B1*="R":C1*="P": PRINT"ENTER MUD SAMPLE NUMBER: "
74 LOCATE 8 , 15:PRINT"ENTER RUN #":LOCATE 10,15:PRINT"ENTER TEST PRESSURE IN HUND 
RED PSI"
75 LOCATE 6,40:INPUT;A*:LOCATE 17,18:PRINT A*
76 LOCATE 8,27:INPUT;B$:LOCATE 18,18:PRINT B*:LOCATE 10,50:INPUT;C$:LOCATE 19,18
: PRINT C$:FILE*=A*+B1*+B$+C1*+C$:LOCATE 1,32:PRINT"FILE: ";FILE*
77 CLS:LOCATE 6, 15:P R I N T "ENTER THE STARTING TEMP(F) AND PRESSURE(PSI) ": LOCATE 8, 
15:PRINT"ENTER THE MINUMUM TEMP(F) AND PRESSURE(PSI)"
78 LOCATE 6, 60: INPUT;TMAX,P M A X : LOCATE 17,63:PRINT USING "####.## F";TMAX:LOCATE 
18,63:PRINT USING "####.## p s i P M A X : L O C A T E  8,60:INPUT;TMIN,PMIN:LOCATE 19,63:PR 
INT USING "####.## F";TMIN:LOCATE 20,63:PRINT USING"####.## psi";PMIN
79 CLS:LOCATE 7,10:PRINT"IS EVERYTHING RIGHT CORRECT "
80 Y*=INKEY*:IF Y $ = " " THEN GOTO 80
81 IF Y$="Y" THEN GOTO 84
82 IF Y$="N" THEN GOTO 72
83 LOCATE 9, 10 : PRINT"ENTER Y FOR YES:AND N FOR NO": BEEP:GOTO 80
84 TMAX=TMAX + 10 :PMAX=PMAX+50:TMIN=TMIN-10 : PMIN=PMIN-50
85 VIEW:RETURN
86 DEF SEG=20
87 R l = 5 !
88 A=2.94537E-03 : B=2.54159E-04 : C=3.08018E-07
89 HR7-=0 : MI N7.=0 : SEC%=0 : MON%=0 : DAY7.=0 : YR7.=0
90 RETURN
91 REM =============== WHAT IS THE TIME ? ===============================
92 CALL CLOCKREAD'(HR%,MIN%,SEC%,DAY%,MON%,YR%)
93 HOUR=HR% :MINUTE=MIN% :SECOND=SEC%
94 TMR=HOUR*3600+MINUTE*60+SEC0ND
95 DT*=STR* ( DAY% )+"/" +STR* < MON7. )+"/" +STR* ( YR% )
96 MMM*=STR* (MIN7.) : IF MIN%<10 THEN MMM$="0"+RIGHT$(MMM*,1)
97 COUNT*=STR* < H R % )+":"+MMM*+" AM"
98 IF HR%>12 THEN HR%=HR%-12:COUNT$=STR$(HR%)+":"+MMM$+" PM"




102 V=TIMER:IF V<ST THEN V=V + 8 6 4 0 0 !
103 DELTA=V-ST:IF DELTA<1 THEN GOTO 102
104 GOSUB 92:LOCATE 9,4:PRINT "CURRENT ="; COUNT*
105 RETURN
106 END
107 CLS:SCREEN 2: V I E W (10, 10)-(600,120),,1 : LOCATE 6,15:PRINT "IS THIS A NEW RUN
108 CB*=INKEY*: IF CB$="" THEN GOTO 108
109 IF CB*="N" THEN 111





115 V=E0F(1): IF V<0 THEN GOTO 117
116 GOTO 114
117 CLOSE:RETURN
118 REM =============== TEMP CONTROL SUBROUTINE =====================
119 IC=IC+1: IF MHY>WHFT% THEN GOTO 126
120 IF FLAG=9999 THEN GOSUB 152:GOTO 126
121 GOSUB 143:JJJ=JJJ+1
122 IF JJJ<3 THEN F S L 0 P = 6 0 !
123 IF (JJJ=3) THEN FSLOP=SLOP*6.5
124 IF (ABS(SLOP)>FSLOP) THEN GOTO 152
125 IF (TEMP(NPTS)<=60.8) THEN GOSUB 152
126 R F = 1 ! :PINC=0!
127 IF (TMR2<TMR1) THEN TMR2=TMR2+86400!




132 IE GDRFT>1.5 THEN R F = 2 !
133 IF GDRFT>3! THEN RF=GDRFT'l.6
134 IF ((DESTG-TGR)>DRIFT) THEN PINC=4!*RF
135 IF ((TGR-DESTG)>DRIFT) THEN PINC=-4!*RF
136 IF PINC <>0 THEN FOR JB=200 TO 2000 STEP 60:SOUND JB,2:NEXT
137 POWER = POWER + PINC : IF POWER<0 THEN P0WER=0
138 VAOM =(.0309892*POWER +.598276)*Z
139 IF (VAOM>4!) THEN V A 0 M = 4 !
140 CALL ANWRITE'("A02",VAOM,0>
141 RETURN
142 REM ========= BEST FIT OF NPTS DATA PTS OF P-T PLOT ==============
143 SUMX=0! :S U M Y = 0 ! :S U M X Y = 0 ! :SUMXX=0!
144 FOR 1=1 TO NPTS
145 SUMX=SUMX+TEMP(I )
146 SUMY=SUMY+PRESS<I )
147 SUMXY=SUMXY+TEMP( D E P R E S S  (I)
148 SUMXX=SUMXX+TEMP(I )* T E M P (I)
149 NEXT I
150 SLOP=(NPTS*SUMXY-(SUMX*SUMY)) / (NPTS*SUMXX-(SUMX*SUMX))
151 RETURN
152 REM================= KINETIC PROGRAM === APRIL 27, 1989 =======
153 REM
154 CLEAR: OPTION BASE 1:NPTS=5:IC=0:HFT=1440:WHFT%=HFT/(NPTS*1.5)
155 TMAX =150000 : TMIN=0: PMAX =3000: PMIN=500
156 A*="W A 10 " : B 1*="R ":B$="4":C1$="P":C$="2000"
157 TPOINT=0:MHY=0:POW E R = 3 1 ! :Z = 1 !:HRATE=1!:R1=5!
158 A=2.94537E-03 : B=2.54159E-04 : C=3.08018E-07
159 HR7.=0: MIN7.=0: SEC%=0: M0N%=0: DAY%=0: YR%=0
160 DEF SEG=20
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161 REM ================ SET SCREEN FOR THE PLOT ============================
162 CLS:SCREEN 2:V I E W (20,185)-(600,140),, l:VIEW(20,10)-(180,130) , ,1
163 VIEW(250,10)-(600,120),,1:WINDOW(TMIN,PMIN)-(TMAX,PMAX):LOCATE 17,30:PRINT U 
SING" #.#";TMIN;LOCATE 17,50:PRINT"TIME(SEC)":LOCATE 17,73:PRINT USING"######";T 
MAX:LOCATE 2,26:PRINT USING"####.#";PMAX:LOCATE 16,26:PRINT USING"####.#";PMIN
164 LOCATE 5,30:PRINT"P": LOCATE 6,30: PRINT"R ": LOCATE 7,30: PRINT"E ": LOCATE 8,30:P 
RINT"S":LOCATE 9,30:PRINT"S": LOCATE 3, 8: PRINT "MUD # ";A$:LOCATE 4,8:PRINT"RUN #
";B $ : F ILE$="K "+A$+B1$+B$+C1$ +C$: LOCATE 1,32:PRINT"FILE: FILE*:GOSUB 240
165 LOCATE 6,4:PRINT "START ="; COUNT*: LOCATE 7,4
166 PRINT "TIME"
167 IF RUNC=1 THEN GOSUB 259
168 GOSUB 199:GOSUB 224:PSET(TL,PP) , 1 : LOCATE 9,4: PRINT"CURRENT ="; COUNT*:LOCATE 
lO,4:PRINT"TIME"
169 LOCATE 12,4:PRINT USING"PRESS = ####.## psi'
P = ###.## F";LL:LOCATE 16,4:PRINT "TOT PTS =
170 CB*=INKEY*:IF CB*="E" GOTO 197
171 IF Z = 1 ! THEN LOCATE 1,7;PRINT "AUTO CONTROL"
172 CB$=INKEY*:IF CB*="M" THEN LOCATE 1,7:PRINT "MANUAL CONTROL'
173 LOCATE 1,32:PRINT USING "START TEMP =###.##
EMP GR =####.# F/hr";TGR
174 REM ================= INPUT INFORMATION ====




175 LOCATE 19,5:PRINT "Hit
176 LOCATE 21,5:PRINT "
177 LOCATE 23,5:PRINT "
178 LOCATE 19,45:PRINT "
179 LOCATE 20,45:PRINT "
180 LOCATE 21,45:PRINT "
181 LOCATE 22,45:PRINT "
182 LOCATE 23,45:PRINT " 5
183 HT*=INKEY*:IF HT*="H" THEN MHY=WHFT%
184 SK*=INKEY*:IF SK*="1
To Heat Anytime During Run. 
Manual Control."
Exit program."






185 IF SK$="2" THEN HRATE=1.333334
186 IF SK*="3" THEN HRAT E = 2 !
187 IF SK$="4" THEN HRATE=2.66666667#
188 IF SK$="5" THEN HRATE=3.3333334#
189 REM ***********************************************************************
190 JC=TPOINT-(NPTS*IC) : PRESS(JC)=PP:TEMP(JC)=LL: IF L L >1O O ! GOTO 197
191 IF JC=1 THEN TMR1=TMR
192 IF JC=NPTS THEN TMR2=TMR
193 IF Z=0! THEN GOTO 195
194 IF JC=NPTS THEN GOSUB 266
195 GOTO 168




200 V A O M = (.0309892*POWER+.598276)*Z
201 IF (VAOM>4!) THEN V A 0 M = 4 !
202 CALL ANWRITE'("A02",VA0M,0>
203 CALL ARMAKE- ( "OUT*/." , SN, "AOO" )
204 FOR D=1 TO SN: VAO=5 ! : CALL ARPUTVAL' ( "OUT7." , D, " AOO" , VAO, O)
205 VA=0:CALL ARGETVAL'("O U T % ",D , "AOO",V A ,O )
206 NEXT D
207 CALL ANIN' ("TEMP*/.", SN, "CHI, CHO, CH6", 1)




211 CALL ARLASTP' <"TEMP7-",LP>
212 IF LP<SN THEN GOTO 211
213 T1=0:T2=0:PP=0:PT=0:T1T=0:T2T=0:FOR 1=1 TO SNZCALL ARGETVAL'("TEMP%",I,"CHO' 
,T1,0>
214 CALL ARGETVAL'("TEMP%",I,"CHI",T2,0)
215 CALL ARGETVAL ' ( " TEMP7. " , I, " CH6 " , PP, 0 )
216 T1T=T1T+T1:T2T=T2T+T2:PT=PT+PP:NEXT I :T1=T1T/SN:T2=T2T/SN:PP=PT/SN






223 REM ========== CONVERT THERMISTOR RESISTANCE TO TEMP. ===============
224 TK= 1 / < A+B*LOG < LL ) +C* ( ( LOG < LL ) ) ''3 ) )
225 TF=(TK-273.15)*1.8 + 32 ! :LL=TF
226 IF TP0INT=1 THEN STT=LL
227 RETURN
228 ***************************************************************************
229 REM =================== SAVE TEMP, PRESS, AND TIME =================
230 TL=(TIT-TOLD)+TL
231 OPEN FILES FOR APPEND AS 2:PRINT#2,USING "####.## ";LL;PP;
232 PRINT #2,USING " ######";TL;
233 PRINT #2,;TF$
234 LPRINT SCOUNTS,LL,PP,TL,TPOINT,DESTG: CLOSE
235 TOLD=TIT




241 HOUR=HR% :MINUTE=MIN% :SECOND=SEC%
242 TMR=H0UR*3600+MINUTE*60+SEC0ND
243 TIT=TMR
244 IF TPOlNT=0 THEN TOLD=TIT
245 ICC=0
246 IF (H0UR=0!) AND (TMR=<94) THEN TIT=86400 !+MINUTE*60+SEC0ND: ICC=1
247 DT$=STR$ (DAY%) +"/" +STRS (MON%)+"/" +STR$ (YR%)
248 MMM$=STR$(MIN%):IF MIN%< lO THEN MMM$="0"+RIGHT$(MMM$,1)
249 COUNT$=STR$(HR%)+":"+MMM$+" AM"
250 IF HR%>12 THEN HR%=HR%-12:COUNT$=STR$(HR%)+":"+MMMS+" PM"
251 SCOUNT$=STR$ (HR%) +" : "+STR$(MIN%)+": "+STR$(SEC%)




256 REM ========== CHECK IF THE RUN IS OLD OR NEW ============================
257 **************************************************************************
258 REM ================ READ DATA FROM OLD RUN ==============================
259 CLOSE:OPEN "I ",#1,FILES
260 INPUT #1,T,P,JUNKS:PSET(T,P)




265 REM =============== TEMP CONTROL SUBROUTINE =====================
T-3898
266 IC=IC+1:IF MHY>WHFT% THEN GOTO 271
267 REM $$$$$$$$$$$$$$$ START HEATING AFTER MHY => WHFT% $$$$$$$$$$$$$$$$$$$$
268 DESTG=.1 : DRIFT=.05
269 MHY=MHY+l
270 IF <MHY=>WHFT%) THEN DESTG=1.5*HRATE: DRIFT=.2
271 R F = 1 ! :P I N C = 0 !
272 IF (TMR2<TMR1> THEN TMR2=TMR2+86400Î
273 DTIME=(TMR2-TMR1)/ 3 6 0 0 !
274 DTEMP=TEMP(NPTS)- T E M P (1)
275 TGR=DTEMP/DTIME
276 GDRFT=ABS(DESTG-TGR)
277 IF GDRFT>1.5 THEN RF=2!
278 IF G D R F T >3! THEN RF=GDRFT~1.6
279 IF ((DESTG-TGR)>DRIFT) THEN PINC=4!*RF
280 IF ((TGR-DESTG)>DRIFT) THEN PINC=-6'*RF
281 IF PINC O O  THEN FOR JB=200 TO 2000 STEP 60:SOUND JB,2:NEXT
282 POWER = POWER + PINC : IF P0WER<0 THEN P0WER=O
283 VAOM =(.0309892*P0WER +.598276)*%
284 IF (VAOM>4 !) THEN V A O M = 4 Î
285 CALL ANWRIT E '("A 0 2 ",V A O M ,O )
286 RETURN
287 REM ************************ END OF PROGRAM ******************************
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APPENDIX C 
Pressure—Time Plots of Data
This section contains pressure-time plots for all the 
experimental runs discussed in this work. The data 
represents the results provided in Tables 3 through 6.
Each plot has the same structured heading denoting the 
run number, the gas and fluid used, the degree of subcooling 
and superheating, the date of the run, and finally the 
filename.
The acronym of the filename (such as KWA5R1P2) may be 
interpreted as :
K = kinetic
WA = a water and natural gas run; WM = water and
methane ; WE = water and propane
5 = number of fresh batches of water which have
been used with that gas specifically
R = run
1 = run number
P = pressure
2 = pressure value in thousands of psia for
natural gas and methane, in hundreds of psia 
for ethane, and in tens of psia for propane 




NATU(W_ GAS & WATER 
ATm =8^C. fresh WATER 
6 /1 0 -6 /1 2 /8 9  
KWA5R1A2
2 1 5 0 -
(/)
CL






1 7 5 0 -




NATUfW. GAS & WATER 
ATaa=8 C, ATsuper—  1 C 
6 /1 2 -6 /1 5 /8 9  
KWA5R2A2
2 1 5 0 -






- RUN # 3
. NATUfW. GAS & WATER- AT^=rC. ATsuper=2“C













NATUATsua=o L», Ü isuf

















NATUfW. GAS & WATER 
ATajB=8 C, ÂTsuper=7^C 
6 /2 0 -6 /2 2 /8 9  
KWA5R5A2
2 1 5 0 -
LiJ




1 7 5 0 -
1550
50000 100000 150000 200000 250000
TIME (SEC)
2350
: RUN # 6
- NATURAL GAS & WATER 
■ ATsub—8^0, ATsuper= 1 C
- 6 / ^ - 6 / 2 4 / 8 9  
: KWA5R6A2














- RUN # 7
: NATUf^L GAS <5c WATER “ ATj^=8 C, ATsuper— 1*0
- 6 / 2 4 — & / 2 6 / 8 9  
:  KWA5R7A2










NATUfW. GAS & WATER ATsub=8̂ C, ATsuper= 1 -5*C 
6 / ^ - 6  729 /89  
KWA5R8A2
2 1 5 0 -
000_
11 I
g  1 9 5 0 -
(/)00
LUa:û_






NATU_______ __  __
A T ^ = 8 ^ C . FRESH WATER
7 /3 - 7 /5 /8 9
KWA7R1P2
GAS & WATER
2 1 5 0 -
(/)o_
LÜ
a: 1 9 5 0 -ZD00in
LUa:o_
1 7 5 0 -




- NATU_______ __  __
- A T m =8"C. A T super=1'^C
- 7 / 6 - 7 /8 /8 9  
: KWA7R2P2
GAS & WATER
2 1 5 0 -
o
inQ_














■ 7 /1 - 7 /1 0 /8 9
GAS & WATER














- NATU GAS & WATER ,=4"C















NATU GAS &  WATER 
,=5*C
2 1 5 0 -
LU -<
a: 1 9 5 0 -ZD
CO(/)LÜ0:
CL






ATsub~8 C, ATsuper“ 3.5 C
7 /1 7 -7 /1 9 /8 9
KWA7R7R2
GAS &  WATER















NATU GAS Sc. WATERATSUPER=7»C
2 1 5 0 -
LlJ _ -0: 1 9 5 0 -  
œ
5  :CEü_






NATUFW. GAS Sc WATER 
ATsub“ 8 C, ÂTsup€r~3.5 C 
7 /2 2 -7 /2 4 /8 9  
KWA7R9&2












: NATU GAS & WATER 
,=7*C
2 1 5 0 -
o(/)a.
UJ
o: 1 9 5 0 -
ZDC/)
E2 :0:o_





NATUlW. GAS & WATER 
At«ij0=8 C, ATsuper~ ^ C  
3 /1 3 -3 /1 5 /9 0  
KWA9R3A2
2 1 5 0 -
00
CL
ÛC 1 9 5 0 -  zo
CO00wÛC
CL
1 7 5 0 -
1550






ATsub=o V. rrcti 
3 /1 7 -3 /1 8 /9 0  
KWA10R1P
GAS & WATER




CL 1 9 5 0 -ZD
CO(/)w
g :





: RUN # 20
- NATURAL GAS & WATER- AT^=8^C. ATsuper=7*C
- 3 / Î8 -3 /2 0 /9 Q  
: KWAIOR^P




ÛC 1 9 5 0 -Z)CO
5ÜC
CL







NATUfW. GAS & WATER 
ATsub—8 C, ATsupER=7^C 









1550 50000 100000 150000
TIME (SEC)
2350
RUN # 22 
NATU  _T̂sug=8 c, ÂTafPER:

















NATUfW. GAS & WATER ÂTsub—8 C, ATsuper— 
3 /% - 3 /2 6 /9 0  
KWA1ORèP
2 1 5 0 -
UJ








- RUN # 24
- METHANE & WATER
■ a t^ = 4 ‘*c , fresh  water




œ 1 5 0 0 -ÜJQCo_






2500 I ^ 25
- METHANE & WATER 
ATsub=4- C, ATsuper~ 2 C 
2 2 5 0 :  a % - 8 ^ 1 3 /8 9
2000
œ












- RUN # 26
- METHANE &  WATER 
ÂTsub“4 c, ATsupq*=2 c





m 1 5 0 0 -
LUq:





T - 3 8 9 8 99
2500 n  ----------------------
- RUN # 27
- METHANE & WATER 
ATa®—4- C, ATsuper=4*C2250: 8g%-%16/89
2000-
g  :
w  1 5 0 0 -LJ0:
CL
1 2 5 0 -
1000-
750
50000 100000 150000TIME (SEC)
2500-1--------- -----------------------
- RUN # 28
- METHANE &  WATER 













RUN # 29 
METHANE & WATER 
ÂTsub=4- C, ATsuper=3*C 
8 /1 8 -8 /1 9 /8 9  
KWM3R6P22 2 5 0 -
2000










RUN # 30 
METHANE & WATER 
ATsub—4-̂ 0, ATsuper=2^C 
8 /1 9 -8 /2 0 /8 9  






œ 1 5 0 0 -
LÜQ:CL





AK'rHUi.A COLCm&DO SCHOOL od MINES 
GOLDEN, COLORADO 804021
T - 3 8 9 8 101
2500 RUN # 31 METHANE & WATER ATet®=2 C, ATsuper= 2*C 8/21 -8/22/89 KWM3R8P22 2 5 0 -
2000
o
CL 1 7 5 0 -
œ 1 5 0 0 -
LxJQC
CL





4 RUN # 32 - METHANE & WATER ÂTsub—2 C, ATsupcr—2 C 




œ 1 5 0 0 -
ÜJÛCû_





T - 3 8 9 8 102
2500
RUN # 33 
METHANE & WATER 
ATcu8=4- C, ATSUPER— 2̂ C 
8 /2 3 -8 /2 5 /8 9  
KWM3R10P2 2 5 0 -
2000
&  1750 -
ë  :
M 1 5 0 0 -wCE
CL






- RUN # 34 
■ METHANE & WATER 













j RUN #  3 5
- METHANE &  WATER
- A T ^ = 8 ^ C , FRESH WATER 







1 2 5 0 -
1000-
7 5 0
1 5 0 0 0 05 0 0 0 0 100000
TIME (SEC)
1000 3  -----------------------
: RUN #  36 
: METHANE &  WATER 
: A T ^ = 4 ^ C . FRESH WATER. P = 790p s ig  : 8/25-8/26/89 
9 0 0 -  KWM4R1P7
8 0 0
LU  _











RUN # 37 
METHANE & WATER
ATm =4“C. fresh water, P=42C0 PSIG
9 /2 - 9 /3 /8 9
KWM5R1P4











- RUN # 38
: MEHTANE & WATER
- ÂT^g=4 C, ATsuper=3 C
- 2 /1 3 -2 /1 4 /9 0
- KWMRR2P2
2 1 5 0 -
111 - 




1 7 5 0 -
1550
25000 50000 75000 100000 125000 150000
TIME (SEC)
T - 3 8 9 8 105
j  RUN # 3 9  
- MEHTANE & WATER 




^ 1 7 5 0  -
ë  :
m  1 5 0 0  -
LÜCCÛ.
1 2 5 0 -
1000-
7 5 0
100000 1 5 0 0 0 05 0 0 0 0
TIME (SEC)
2 5 0 0 - 1 -------------------------------------------
- RUN # 40





1 7 5 0
ÛCZ> ■
m 1 5 0 0 -LlJQCÛ-
1 2 5 0 -
1000-
7 5 0









1 7 5 0 -
m 1500
QCo_
1 2 5 0 -
1 0 0 0 -
RUN §  41 
MEHTANE & WATER 
ÀTsub~4 C, ATsw»ER—22^0 
2 /2 5 -2 /2 6 /9 0  
KWMRR8P2
750 "1—r—I—r—T—I—I—I—I—1—|—r—i—i—i—;—i—i—i—i—]—r—i—i—i—i—i—i—i—r
0 50000 100000 150000
TIME (SEC)
2500
2 2 5 0 -
2000-
o
COo_ 1 7 5 0 -
œ 1500LUQCa.





ATsub= 4 ‘’C. KWMRR8P2 CONTINUED
2 /2 6 -2 /2 8 /9 0
KWMRR9P2
-I—I— r—I—I— r t r I— I— I— r
50000




RUN §  43 
MEHTANE & WATER ^T^g=4 C, ATsuper=2 C 
2 /2 8 - 3 /1 /9 0  
KWMRR10P2 2 5 0 -
2000
o :
C > 1 7 5 0 -
s  ;
œ  1 5 0 0  -ÜJor
CL
1 2 5 0 -
1000 -
7 5 0
1 5 0 0 0 00 5 0 0 0 0 100000
TIME (SEC)
2 5 0 0 - , ------------: ------------------------------ RUN §  44
- MEHTANE & WATER ÂT^g=4 C, ATsuper=2 C
9 9 ^ 0 -  3 /1 - 3 /3 /9 0_ k w m r r i i p
2000
o
^  -^ 1 7 5 0  -
ë  :
ui 1 5 0 0  -LU
a:
CL





T -3 8 9 8 108
2500
RUN # 45 
MEHTANE & WATER 
AT^B=4 C, AT SUPER—2*C 
3 / 3 - 3 /4 /9 0  
KWMRR12P2 2 5 0 -
2000
œ
5 1 7 5 0  -
ë  -
œ  1 5 0 0 -LU
û:
CL
1 2 5 0 -
1000 -
750
50000 100000 150000TIME (SEC)
2500-1-----------------
- RUN ^ 46
- MEHTANE & WATER- AT̂ B=4"C, ATsupER=2T
2000-5







RUN # 47 
EHTANE & WATER
A T ^=4“C. fresh water. P=350 PSIG
9 /5 - 9 /1 0 /8 9
KWE1R1P3
800-
o  : 
^ GOO:
200
50000 100000 150000TIME (SEC)
1000
: RUN # 48 
- EHTNANE & WATER 









T -3 8 9 8 110
600
- RUN § 49
- EHTANE <Sc WATER
- ATsub=8®C. fresh water
- 9 /1 4 - 9 /1 6 /8 9  
. KWE2R1P3







5 0 0 0 0 100000 1 5 0 0 0 0
TIME (SEC)
6 0 0
RUN # 50 
ETHANE & WATER 
ATsub~ 8 C, ATsuPEp=3 C 
9 /1 6 - 9 /1 8 /8 9  
KWE2R2P3









. RUN # 51
- ETHANE & WATER
- ATsuB=8 C, ATsuper=2**C
- 9 /1 9 - 9 /2 0 /8 9  
_ KWE2R3P3








RUN # 52 
ETHANE &  WATERATsue—6*0, ATsuper=4*C
9 /2 0 - 9 /2 1 /8 9
KWE2R4P3







- RUN # 53
. ETHANE & WATER
- ATwjo=6 C, ATsuper= 2  C
- 9 / S - 9 / 2 3 / 8 9  
. KWE2R5P3
4 0 0 -CD00
CL
200 -
100000 1 5 0 0 0 00 50000
TIME (SEC)
600
- RUN # 54
- ETHANE & WATER
- AT^0—5 C, ATsuper= 6  C
- 9 /2 3 - 9 /2 4 /8 9  
_ KWE2R6P3







RUN # 55  
ETHANE <Sc WATER
KWE2R7&3














4 0 0 -
RUN # 56 
ETHANE^A WATER
7 C, ATsupersicA: 
9 /2 8 - 9 /3 0 /8 9  
KWE2R8P3
i200- \
F T- i I I I r I I I I I I I I r I I T  j 11 I I I I I I I I I I n ~ i r i i i
50000 100000 150000 200000
TIME (SEC)
T -3 8 9 8 114
600
- RUN # 57
. ETHANE <Sc WATER- ATsub“6**C, ATsuper= 1
- 1 0 /1 /8 9
- KWE2R9P3
SUPER:






RUN § 58  
ETHANE & WATER 
ATgyB—8 C, ATsuph*=1C C 









RUN # 59 
ETHANE & WATER 
^TguB=8^C, ATsgp£R=14 C 
1 0 /1 2 - 1 0 /1 4 /8 9  
KWE3R2P3





50000 100000 150000 200000 250000
TIME (SEC)
600
RUN § 60 
ETHANE <Sc WATER 
ATsub=8 C, ATsupçr=14 C 
1 0 /1 4 - 1 0 /1 5 /8 9  
KWE3R3P3








RUN § 61 
ETHANE & WATER 
ATsua=8®C, FRESH WATER 
1 /2 5 - 1 /2 7 /9 0








RUN # 62 
EHTANE <& WATER 
ATsub—8 0, ATsupoi=24 C 
1 /2 8 - 1 /3 1 /9 0  
KWERR2P3









RUN § 63 
EHTANE <Sc WATER 
AT^g=8 C, AtsupER=:8 C 


















RUN § 64 
EHTANE <Sc WATER AT^b=8*C, ATsupw=10®C2/5-2/6/90
KWERR4P3
T—I— I— I—I— I—I— I— rn— I—I—I— I—I— I— I— I— I—I— I—I—I— I— r50000 100000TIME (SEC)
1 I I I150000
C0L0#M)0 SCjlOOL MINI 8
g o l d e n  COLOEflDQ ©'MOU
T-3898 118
600
RUN # 65 
EHTANE & WATER 
AT^a=8 C, ATsijpgR=10*̂ C 
2 /7 - 2 /9 /9 0  
KWERR5P3





5 0 0 0 0 1 5 0 0 0 0 200000100000
TIME (SEC)
6 0 0
RUN # 66 
EHTANE Sc WATER 
AT^b=S*C, ATsuper= 8  C 
2 /9 - 2 /1 1 /9 0  
KWERR6P3






50000 100000 150000 200000
TIME (SEC)











RUN § 67 
PROPANE & WATER ATsub=3®C. fresh water 
1 1 /8 - 1 1 /1 0 /8 9  
KWP1R1P5
0  'T r i I r i I t I 1 -1 11 I r I i i i ; \ \ i m  i T i  r~r i \ i t  i~ r i r  i
0 50000 100000 150000 200000
TIME (SEC)
150
RUN # 68 
-I PROPANE & WATER 
ATsub=3®C, KWP1R1P5 CONTINUED 











n  I I I I
0 40000




T -3 8 9 8 120
150
- RUN § 69
_ PROPANE & WATER
- ATsuB=4T. NOT SUPER-HEATED

















1 1 /1 3 - 1 1 /1 6 /8 9
KWP1R4P5
IT i n  I I I I I IT I T V IT 1 r’T~tTi T I I I \ 1^ i-i 1 r i i i i i | r i i i m  i i




RUN § 71 
PROPANE & WATER
ATsub~ ^  0, ATsijpER=2*C







40000 80000 120000 160000
TIME (SEC)
150
RUN § 72 
-1 PROPANE & WATER 
^Tsue—4 C, ATsupER=5 C 









T-i— I—I— I— I—T— I— r—I— I—I—I— I—I— I—I—f— I—I— i—T—I— I—I— m —I— r
Ô 50000 100000 150000
TIME (SEC)
T -3 8 9 8 122
150
RUN § 73  
PROPANE & WATER 
-1 ATsua=‘4- C, ATstjpQt=3 C 












- RUN § 74
- PROPANE & WATER
- ATsua—4 C, ATsypçR=2 C








- RUN § 75
- PROPANE & WATER
- ATsu0=4- C, ATsupER=5 C
















RUN §  76
PROPANE & WATER
ATsua=^®C, KWP1R9P5 CONTINUED
1 1 /2 9 - 1 1 /3 0 /8 9
KWP1R10P






- RUN # 77
- PROPANE & WATER
- ATsua—4 C, ATsuper=2*C









RUN §  78
- PROPANE & WATER
- ATsub—4 C, ATa^»gp=2 C 




























UQUEFIED PROPANE <Sc WATER 
C, ATsjjpçr—6 C 
1 2 /5 - 1 2 /6 /8 9  
KWP1R13P
T—I— I—r—1— I—I— I—I—I— I—I— I— I—I— I—I—I— I— 1— !—I—I— I—I— I—I—I— r
0 50000 100000 150000
TIME (SEC)
150
- RUN # 80
- UQUEFIED PROPANE <Sc WATER
- ATsu9=4.‘̂ C, KWP1R13P CONTINUED




















UQUEFIED PROPANE & WATER 
ATsub=4-‘*C. n o t  REHEATED 
1 2 /1 3 - 1 2 /1 6 /8 9  
KWP1R15P
5 0 -
0 p-i I i -i I I I ryi I I I I I 1 I I I I -i-rn ' i t~i i | i i i i i r r i i [ i i i i i i i i















RUN § 82  
PROPANE & WATER
at3u0=4®c . fresh water
1 / 6 - 1 / 8 / 9 0  
KWPRR1P5
f-| I ri I I T  T 'l I f l 1 f-T I I |-| I I I I
50000 100000
TIME (SEC)




- RUN §  83
- PROPANE & WATER
- AT^b=4- C, ATsup6r=2**C
- l / l  1 -1 /1 3 /9 0  
. KWPRR3P5








RUN # 84 
PROPANE & WATER 
AT^b—4 C, ATsu%R—3 C 
1 /1 3 -1 /1 5 /9 0  
KWPRR4P5











RUN § 85  
PROPANE & WATER 
AT^b=4- C, ATsih>£h=3 C 
1 /1 5 - 1 /1 7 /9 0  
KWPRR5P5

















RUN § 86 
PROPANE & WATER 
AT^b=4- C, a t  SUPER— 
1 /1 7 - 1 /1 9 /9 0  
KWPRR6P5
1 I r—m  I I I I I I I—I—I—j—j—I—I—I—I—I—r—i—i—i—i—i—i—r  




RUN # 87  
PROPANE & WATER 
AT^b—̂  C, ATsupER=4̂  C 











RUN # 88 
PROPANE & WATER- AT^b—^ 0, ATsuper=2*C
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